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The study of Gaussian free field level sets on supercritical Galton—
Watson trees has been initiated by Abdcherli and Sznitman in 2018. By means
of entirely different tools, we continue this investigation and generalize their
main result on the positivity of the associated percolation critical parame-
ter hy to the setting of arbitrary supercritical offspring distribution and ran-
dom conductances. In our setting, this establishes a rigorous proof of the
physics literature mantra that positive correlations facilitate percolation when
compared to the independent case. Our proof proceeds by constructing the
Galton—Watson tree through an exploration via finite random walk trajecto-
ries. This exploration of the tree progressively unveils an infinite connected
component in the random interlacements set on the tree, which is stable un-
der small quenched noise. Using a Dynkin-type isomorphism theorem, we
then infer the strict positivity of the critical parameter /4. As a byproduct, we
obtain transience results for the above-mentioned sets.

1. Introduction. The main subject of this article is the study of level set percolation for
the Gaussian free field on supercritical Galton—Watson trees. Due to the strong correlations
inherent to the model, the problem of level set percolation induced by the Gaussian free field
is quite intricate and significantly harder to understand than that of Bernoulli percolation.
In the setting of fairly general transient graphs, the model has received increased attention
in the last decade, as it is an important showcase for percolation problems with long-range
correlations. A fundamental question in this context is to show the positivity of the associated
critical parameter h,—see (1.4) below for its definition—which entails a coexistence phase
for h > 0 close to zero. It has been investigated on 74, d >3, in [4, 12, 29], and on more
general graphs with polynomial growth in [13]. Of particular relevance for us is the setting
of the Gaussian free field on trees, which has been studied in [1, 3, 35]. More precisely, in
[3], Section 5, Abécherli and Sznitman consider the particular case of the Gaussian free field
on supercritical Galton—Watson trees with mean offspring distribution m € (1, co), and prove
that &, € [0, co) for all m € (1, 00), as well as the strict inequality A, > 0 when m > 2.

The main goal of the current article is to extend this result 4, > 0 to all supercritical
Galton—Watson trees, that is, with offspring mean m € (1, oo), which along the way solves
an open question of [3], Remark 5.6. Moreover, we additionally allow the edges of the tree to
be equipped with random conductances with finite mean, and show that the associated critical
parameter /i, is still deterministic and strictly positive.

It is intriguing to compare our main result with Bernoulli site percolation on supercritical
Galton—Watson trees 7, for which—conditioned on survival—the associated critical param-
eter is known to almost surely equal the inverse of the offspring mean, that is, p.(7) = 1/m;
see [22] or [23], Proposition 5.9. Contrasting this well-known result with the inequality
h«(T) > 0 is particularly interesting in the newly investigated range m € (1, 2] in our ar-
ticle. Indeed, in this range we have that the density of Bernoulli percolation at the critical
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parameter is given by p.(7) = 1/m > 1/2, whereas the density of percolation for the Gaus-
sian free field level sets at the critical parameter is strictly smaller than 1/2, since 4, (7) > 0.
Therefore, when m € (1, 2] the positive correlations of the Gaussian free field make percola-
tion easier. This is a behavior expected for many percolation models, see in particular [26] as
well as [24] for numerical reasonings concerning the setting of percolation with long-range
correlations. To the best of our knowledge, the only other class of transient graphs where an
inequality between densities at criticality of Gaussian free field and independent percolation
has been rigorously proven are d-regular trees, see [35], Corollary 4.5, but it is conjectured
to hold for a large class of transient graphs.

A key tool in our proof is based on a construction of the Galton—Watson tree and random
walks on it at the same time, see Section 4. Each random walk will explore a portion of the
tree below its starting point, and we call such a subset of the tree a “watershed”. The specific
exploration via watersheds will prevent the random walks from “predicting the future of the
tree” during its construction; that is, we construct each watershed on a part of the Galton—
Watson tree while preserving the independence of the rest of the tree. The main feature of the
explored tree is its stability to perturbation by small quenched noise. The desired positivity of
h, will then be obtained by means of a Dynkin-type isomorphism theorem between the Gaus-
sian free field and random walks, see [17], or more precisely with random interlacements, a
random soup of random walks, see [21, 32]. Moreover, we expect that our exploration pro-
cedure of the Galton—Watson tree via watersheds can also be used to obtain other interesting
results. A first manifestation of this is already provided by the results on noise-stability and
transience for the interlacements set as well as for the level sets of the Gaussian free field
above small positive levels, see Theorems 1.2 and 1.3 below.

1.1. Main results. Let us now explain our setting and results in more detail. We consider

Galton—Watson random tree 7 with mean offspring distribution m > 1,

(1.1

conditioned on survival,

and denote the underlying probability measure by PSY. We endow the natural graph structure
induced by 7" with positive random conductances Ay y, x ~ y, such that, conditionally on 7T,
and denoting by y~ the parent of y € T, with y different from the root &,

the family {A; ,:y €7 and y~ =x}ye7, isii.d. and

(1.2) ESW[A, 4] <00 VxeT,where i, 4 := Z A,y
yiyT=x

note that this setting is slightly more general than endowing the edges of the Galton—Watson
tree with independent conductances. In particular, when the conductances A, y, x ~ y, are
constant equal to 1, we recover the usual Galton—Watson tree, and in this case condition
(1.2) simply boils down to the mean offspring distribution m being finite. In a slight abuse of
notation, we also denote by 7 the weighted graph with the conductances X, and will explicitly
mention when we consider the tree 7 to be weightless as in (1.1) to avoid confusion. We refer
to Section 2.1 for precise notation and definitions.

It is known that the random tree 7 is almost surely transient, cf. Proposition 2.1, and
conditionally on its realization, we denote by g7 the Green function associated to the random
walk on 7, see below (2.10).

Conditionally on the realization of 7, we then define the Gaussian free field (¢y)xeT
under some probability measure Pg as the centered Gaussian field with covariance function

g7, see Section 2.3 for further details. Note that this is a Gaussian free field in a random
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environment, that is, we first generate the Galton—Watson tree 7 with random conductances
and then—conditionally on the surviving Galton—Watson tree 7—we generate a Gaussian
free field on 7.

We will study the percolative properties of the level sets or excursion sets of the Gaussian
free field on 7, that is, of the random set

(1.3) EZ"M = EZ"(T)={xeT:¢:>h}, heR.
We observe that the level set is clearly decreasing in 4, and we define the critical parameter

(1.4)
= inf{h eR: Pg—a.s. all connected components of E zh (T) are bounded}

for the corresponding percolation problem.

A priori, it is not known if %, is deterministic, nor whether the phase transition is nontrivial,
that is, whether %, € R. For unitary conductances, the former is proved in [3], Lemma 5.1,
and the latter—more precisely the inequality 0 < i, < co—is proved in [3], Proposition 5.2,
taking advantage of [36]. The result A, > 0 is shown to hold in [3] for constant conductances
under the additional assumption m € (2, 00); however, it seems that the assumption of finite
mean is not essential to their proof. Let us also note in passing that even for Galton—Watson
trees with random i.i.d. conductances, &, (7)) is still deterministic, see the Appendix. We now
state our main result.

THEOREM 1.1. Under (1.1) and (1.2), there exists h > O such that EZ" contains
ECW [Pg(-)]-almost surely an unbounded connected component, and hence h,(T) > 0.

Note that Theorem 1.1 does not yet imply that the phase transition is nontrivial, that is,
h«(T) < oo. Indeed, this finiteness property does hold true for i.i.d. weights, but it may fail
without this condition—we refer to the discussion below (1.6) for details.

In the case m > 2, the assumption ECW[A, ;] < oo from (1.2) is not necessary to prove
the inequality 4, > O as explained at the end of Section 3 (for unitary conductances this also
follows from [3], Theorem 5.5). In view of Theorem 1.1, a natural question then is whether
hy > 0 under the broader assumptions ESW[a x.+]=00andm € (1, 2].

We will now put our result into the context of previous literature on percolation for the
Gaussian free field. The study of this percolation problem for unitary conductances had been
initiated by Bricmont, Lebowitz and Maes in [4] on the Euclidean lattice 74 in transient
dimensions d > 3. Using a soft but quite robust contour approach, they proved that /. (Z%) >
O for all d > 3, as well as h*(Z3) < 00. More recently, on 74 it has been established in [29]
that A, (Z%) < oo for all d > 3, as well as h(Z4) > 0 for all sufficiently large d; in [12]
it has then subsequently been shown that h(Z%) > 0 for all d > 3. For trees with unitary
conductances, the parameter &, € (0, co0) was first characterized in [35] on d-regular trees,
d > 3, and subsequently in [3] for a larger class of transient trees, including supercritical
Galton—Watson trees with mean m > 2. In the regular tree case, finer percolative properties
have been obtained in the recent preprint [7], which appeared after the preprint version of this
article.

In [1], further percolative properties for d-regular trees have then been studied in the super-
and sub-critical regime. In [13], A&, > 0, and in fact local uniqueness of the infinite cluster at a
positive level, has been shown for a larger class of graphs with polynomial growth. This class
of graphs actually include Z¢, d > 3, with bounded conductances as a special case, which
was further studied in [9]. We also refer to [2, 6, 11, 16, 19, 34] for further recent progress in
this area.
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Our proof crucially relies on another important object: the random interlacements set Z“,
u > 0, which has been introduced in Z4, d > 3, by [31]. Later on, it has been generalized
to transient weighted graphs in [37]. It is related to the Gaussian free field via Ray—Knight
type isomorphism theorems, first obtained in [32], and later on extended in a series of works
[14, 21, 35]. From a heuristic point of view, random interlacements is a random soup of
doubly infinite transient random walks, and the union Z" of their traces thus trivially has
an unbounded connected component (and hence percolates). On Z¢, d > 3, it was proved
in [28] that Z" still percolates when perturbed by a small quenched noise, and this property
was essential in the proof of 4, > 0 from [12]. Although our approach to proving 4, > 0 on
Galton—Watson trees is quite different from that of [12], the stability of Z" to perturbation
via small quenched noise will still play an essential role in our proof of Theorem 1.1. Note
that in the context of random Galton—Watson trees, we will see Z" as a quenched random
interlacements on the realization of the tree 7T ; see Section 2.4 for details.

We now describe this stability property—which is of independent interest, see its impli-
cations in Theorem 1.3 below—in more detail. Again conditionally on the realization of the
tree 7, for some p € (0, 1), denote by B, x € T, an independent family of i.i.d. Bernoulli
random variables with parameter p and let

(1.5) B, ={xeT:B,=1}.

THEOREM 1.2. Under (1.1) and (1.2), for all u > 0, there exists p € (0, 1) such that
1" N B, contains almost surely an infinite connected component. Moreover, there exist h > 0
and p € (0, 1) such that EZ" N B p contains almost surely an infinite connected component.

In [28], the question of stability of the vacant set V* := (Z")¢ to perturbation by small
quenched noise on Z¢ has also been studied. In a similar vein, on Galton-Watson trees one
can also easily prove that V* N B, percolates for p large enough, see Remark 2.3. In [28],
the proof of stability of 7" to perturbation by small quenched noise involves some local
connectivity result for random interlacements, which can also be used to prove transience of
the interlacements set [27], or of Z" N B,,, see [28]. It turns out that, although our proof of
Theorem 1.2 is entirely different from that of [28], it can also be employed to show transience
of 7N By, or of E zh N B p at small, but positive, levels, under some additional assumptions
on the conductances.

THEOREM 1.3. Assume (1.1), (1.2) and that, conditionally on the nonweighted graph T,
(Ax,y)x~yeT arei.i.d. conductances with compact support in (0, 00). Then for all u > 0, there
exists p € (0, 1) such that " N B, contains almost surely a transient connected component.
Moreover, there exist h > 0 and p € (0,1) such that EZ" N B, contains almost surely a
transient connected component.

For the reader’s convenience we refer to the discussion above (6.1) for the precise def-
inition of what it means in our context that, conditionally on the nonweighted graph 7,
(Ax,y)x~yeT are i.i.d. conductances with compact support in (0, co)—which, in fact, is ar-
guably the “natural” way of endowing a tree with i.i.d. random conductances, but less general
when compared to (1.2).

Let us finish this subsection with some comments on percolation for the vacant set of
random interlacements, and the finiteness of /.. The random interlacements set 7% always
percolates since the trace of a transient random walk is an unbounded connected set; one
may, however, wonder if the same holds true for its complement the vacant set V* when the
intensity parameter varies.
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Denoting by u, the critical parameter associated to the percolation of V*, u > 0, the iso-
morphism between random interlacements and the Gaussian free field, see Proposition 2.5
below (which can be used in our context in view of Proposition 5.8), implies similarly as in
[21], Theorem 3, that

(1.6) s <20y

The inequality (1.6) combined with Theorem 1.1 implies u, > 0, but note that the inequality
uy > 0 could be proved via easier means, see Remark 2.3. Let us note here that in the special
case of unitary conductances, an explicit formula for u, has been derived in [36]. The proof
of [36], Theorem 1, can be adapted to random conductances as long as (Ay y)x~ye7 are
i.i.d. conductances conditionally on the nonweighted graph 7. In particular, u, < oo under
the same conditions, and thus 4, < oo as well by (1.6). However, if we allow the weights
(Ax,y)x~yeT to not be i.i.d. conditionally on the nonweighted graph 7—but still satisfying
the usual setup of (1.2)—one can find Galton—Watson trees where /1, = 0o, see (3.4).

The weak inequality (1.6) can actually be improved to A, < +/2u, on d-regular trees,
d > 3, see [35]. In [3], the authors provide general enough conditions to obtain A, < /2uy
on transient trees, and in particular for Galton—Watson trees with unitary conductances this
strict inequality holds under additional hypotheses on exponential moments of the offspring
distribution, see [3], Theorem 5.4. They also provide an example, namely the tree where
each vertex has an offspring size equal to its distance to the root, where actually 0 = h, =
+/2u. Note that this entails that Theorem 1.1 does not hold when removing the assumption
EGW [Ax,+] < oo from (1.2), as well as the assumption that the distribution of the number of
children does not depend on the generation.

1.2. Outline of the proof. We now comment on the proofs of Theorems 1.1, 1.2 and
1.3 in more detail. Let us first elaborate on the fact that Theorem 1.2 is useful to obtain
Theorem 1.1. The isomorphism between random interlacements and the Gaussian free field,
see Proposition 2.5, implies that for each u > 0, random interlacements and the Gaussian free
field on 7 can be coupled in such a way that

(1.7) almost surely, " C EZ~V2“.

This implies in particular that E z—2u percolates for all # > 0, and taking u | O we infer
that /2, > 0. Note that the validity of the inclusion (1.7) requires some condition on the tree to
be fulfilled—see (2.20)—but we will actually show in Proposition 5.8 that this condition is
always satisfied in our context. In [12, 13], an extension of the inclusion (1.7) to a continuous
metric structure associated with the discrete graph, the so-called cable system, was used to
lift the inclusion (1.7)—when the field was taking not too high values—to level sets of the
Gaussian free field at positive levels, which then yielded the desired strict inequality £, > 0.
Here, we follow a simpler approach, that is, we use an extension of the inclusion (1.7), see
Proposition 2.5 below, which includes information about the exact values of the free field, as
well as the local times of random interlacements. Proposition 2.5 is proven using the cable
system, cf. [21] for further details. The proposition readily implies that there exists a coupling
such that for each u > 0,

(1.8) almost surely, Z" N A, C EzV2u,
where EZV2" has the same law as EZV2*, see (1.3), and
(1.9) Ay ={x €T: & > duky or |px| > 2v/2u},

for some i.i.d. exponential random variables (€)ye7 With parameter one, independent of
the Gaussian free field ¢ and the interlacements set Z“. Note that A, increases a.s. to 7 as
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u — 0, and one can thus interpret the intersection with A, as applying a small quenched
noise. Theorem 1.2 then suggests that 7% N A, might percolate for # small enough, which
again would imply Theorem 1.1 by (1.8).

However, one cannot directly use Theorem 1.2 for proving Theorem 1.1 for two reasons:
first, the variables {x € A,}, x € T, are not independent, and second, the probability that
x € A, depends on the parameter u of the interlacements set, and thus, contrary to p in
Theorem 1.2, it cannot be taken arbitrarily close to one for a fixed u. The first problem
will be essentially solved by lower bounding the probability that x € A, conditionally on
{y € A,}, y # x, using the Markov property of the free field, see (5.25). To solve the second
problem, we will make the dependency of p on u in Theorem 1.2 explicit, that is, we find a
function p(u), with p(u) 1 1 as u — 0, such that Z" N B, percolates for all u > 0, and we
show that the probability that x € A, is larger than p(u) for u small enough, see the proof of
Proposition 5.7.

Therefore, in order to obtain Theorem 1.1, it is essentially enough to show that 7% N B, ()
percolates, where p(u) is smaller than the probability that x € A, for u small enough. The
main difficulty is that, when u is small, there are two competing effects at play in this perco-
lation problem. On the one hand, in the # > 0 small regime, the interlacements set Z% consists
of few trajectories, and hence is less well connected; that is, intersecting Z" with B, might
break its infinite connected components into finite pieces. This is particularly problematic
when m is close to one, since the tree tends to contain long stretches which locally look like
Z, and hence the connectivity of such components turns out to be sensitive to an independent
noise. On the other hand, as u — 0, for each x € T, the probability that x is in A, tends to
one, and it thus becomes less likely to break a fixed connected component of Z into finite
pieces when intersecting with B)(,). The proof of Theorem 1.1 therefore requires a subtle
comparison of the influences of these two opposite effects as u — 0. We now provide a short
explanation of how this is done.

The probability that a vertex x is contained in A€ can be easily upper bounded by u>/ 2)\)3(/ 2,

see (5.25) below, and we can thus take p(u) =1 — u’/ zki/ % for u small enough. To prove
percolation of Z" N B, we use a description of the trajectories in Z" via their highest (i.e.,
minimal distance to the root) visited vertex, Theorem 2.2, which can be seen as a general-
ization of [37], Theorem 5.1. This description entails that 7% can be generated by starting,
for each vertex x € T, an independent Poissonian number I'; of random walks starting at
x going down the tree. Here, the Poisson distribution underlying I, has parameter ués(x),
where &7 (x)—see (2.16)—is a parameter depending on the subtree rooted at x, which bears
some similarity with the square of the conductance from x to infinity.

Now in the simpler case where each vertex in the tree 7 always had at least two children
and the conductances were bounded, one could finish the proof by first conditioning on 7
and by then proceeding as follows. One can under these conditions easily show that é7(x)
is of constant order, uniformly in x € 7. Thus, when I'y > 1, with high probability, starting
a random walk at x going down the tree up to the first time it has visited C/u vertices,
for a large constant C, there are at least two vertices y with I'y > 1 which are not visited
by the walk, but children of vertices visited by the walk (the existence of such vertices is
guaranteed by the fact that each vertex visited by the walk has at least two children). We
will say that such a point y corresponds to a free point, see (4.12). Moreover, again with
high probability as u — 0, all the vertices visited by this walk are contained in B, with
pw)y=1-— u3/2k)3/2, and in particular there is a path between x and y in Z“ N B(,. One
can now iterate this procedure starting a new trajectory at each y corresponding to a new
free point, and show that the tree of free points contains a d-ary tree, see Proposition 5.5. In
particular it percolates, which directly implies the percolation of 7% N B, also.
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In this approach, we thus first generate 7, and then construct an infinite cluster in
7" N Bp) on the now fixed tree 7. However, when the mean offspring number m is close
to one, or the conductances are not bounded, then the tree 7 will contain some connected
components of vertices, each with exactly one child, with size more than C/u, on which the
above approach is bound to fail. Note, however, that as u — 0, condition (1.2) in combination
with the Marcinkiewicz—Zygmund law of large numbers implies that these bad sequences in
T become rarer when the tree is generated, see (5.7). In order to benefit from this infor-
mation, we are going to generate the interlacements set Z* and the Galton—Watson tree 7
simultaneously. Generating the two processes at the same time is of considerable importance
as it allows us to operate with the interlacements process without being forced to generate the
whole tree beforehand.

To generate these two processes at the same time, we will explore the Galton—Watson tree
using random walks, in the form of an object that we will call watershed, as is explained
in Section 4 in more detail. The previously mentioned description of random interlacement
trajectories via their highest visited vertex then implies that for each vertex x, if a Poisson
random variable with parameter u takes the value at least one, one can start a watershed at
x, that is a walk starting at x and exploring the tree below x, which is included in random
interlacements at level u /ey 1, (x), see Proposition 4.2; here, e(y), 7, is the equilibrium mea-
sure of the set {x} for the subtree 7, of T rooted in x, see (2.12). Now, for each vertex x,
we will first generate a portion of the tree to make sure that e(y) 7, (x) > ¢, for some constant
Ce, see (5.19), and then start a watershed at x if a Poisson random variable with parameter
u is at least one, which will thus be included in random interlacements at level u/c., see
Proposition 5.6. We can now use the additional randomness of the tree—which in particular
entails that with high probability there are no large components of vertices each with exactly
one child—to show that, for # > 0 small enough, the intersection of all the watersheds and
Bp/c,) percolates for each m > 1, and thus E =h percolates for h small enough as well; see
Section 5 for details.

Finally, in order to prove Theorem 1.3, we note that, for uniformly bounded weights, the
trace of a random walk on the watersheds is essentially a coarse-grained random walk on the
tree of free points with a drift, see (6.4). Using an argument from [10], we deduce that such a
random walk is transient, which finishes the proof using the isomorphism (1.8) again.

The structure of the article is as follows: in Section 2 we will define the main objects and
set up notation. In Section 3 we provide a short and simple proof of Theorem 1.1 under the
additional assumption m > 2—this will turn out instructive for the proof of the general result
also. Furthermore, we provide examples of Galton—Watson trees with 4, = co. In Section 4
we will introduce the exploration of the Galton—Watson tree through random walks, which
is used in Section 5 to prove Theorems 1.1 and 1.2. In Section 6, we use similar methods to
prove Theorem 1.3. Finally, we prove in the Appendix that 4, is deterministic in our setting.

2. Notation and definitions. In Sections 2.1 and 2.2 we introduce the Galton—Watson
trees which we will be considering. Subsequently, Sections 2.3 and 2.4 are then devoted to
random walks, the Gaussian free field, as well as random interlacements on trees. In Sec-
tion 2.5 we introduce the isomorphism theorem between random interlacements and the
Gaussian free field.

2.1. Galton—Watson trees. We will investigate trees using the Ulam—Harris labeling. For
this purpose, consider the space

(2.1) X=JN,
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where N is the set of positive integers, Ny the set of nonnegative integers and N is defined as
{o}. For i, j € Naswell as x, y € X such that x = (x1, ..., x;) e Ni and y = (y1,...,yj) €
N/, we define the concatenation of x and yasxy=(Xf,...,Xi, Y1,.--,Yj) € Nt/ C x.
Moreover, for A € X and x € X we introduce x - A := {xy : y € A}; note that in con-
trast to pointwise concatenation we put an additional dot for aesthetic reasons. For all x =
(x1,...,x;) e X,i e N, we define x~ := (x1, ..., Xxi—1), the parent of x, with the convention
() = @.Foraset A C X we define its (interior) boundary as 0A :={x € A: ﬂy €A,y =x}.
Note that this is not exactly the natural topological boundary, but this slightly modified def-
inition will turn out useful for our purposes. We moreover introduce, for A € X and x € A,
the set of children of x in A as

(2.2) G={yeAly =x}.

Wecall T ¢ X atreeif foreachx € T \ {&}, wehave x~ € T and |G§| < 00. We then say
that x € T \ {@}isachildof y € T if x~ = y. If the tree T under consideration is clear from
the context, for all x, y € T, we write x ~ y if either x = y~ or y = x~. One can also view a
tree T as a graph with edges between x and y if and only if x ~ y. On this graph, we denote
by dr(x, y) the usual graph distance. We say that T is a weighted tree if each edge between
x and y is endowed with a symmetric conductance Ay y = Ay ¢ € (0,00). For x € T we also
define A, 4 as in (1.2). Since weights are not encoded in X, a weighted tree is not a subset
of X'. However, to simplify notation, we will often implicitly identify a weighted tree with its
set of vertices, a subset of X’. Note that most of the previous notation depends on the choice
of the tree T, which will always be clear from the context. For x € T, we write T, for the
subtree of T consisting of x and all descendants of x, endowed with the same conductances
as in the underlying tree 7. In this article, we think of trees as growing from top to bottom,
so we sometimes refer to the points in the subtree 7 as the points below x. A priori, T, may
consist of finitely many nodes only, but with a standard pruning procedure, we will actually
soon reduce ourselves to the case of infinite Galton—Watson trees, see Section 2.2.

We now explain how to define a Galton—Watson tree with random weights as a random
weighted tree 7. We consider a probability measure v on [0, oo)™, which will form a canon-
ical probability space, in order to describe the offspring distribution as well as the associated
conductances. More precisely, we consider v such that if the sequence (A;);en on [0, oo)N
has law v, then there exists d € N such that v-a.s., A; > Oforalli <d and A; =0 foralli > d.
We will soon use v to assign weights to the edges of the tree by means of a vector (A, )2,
distributed according to v for each vertex x. Throughout this article, except in Section 3, we
moreover assume that the law of the conductances satisfies

(2.3) E'[A+] <oco, where dy =) A

i
essentially, this is just a reformulation of the second condition in (1.2). Note that we do not
assume the conductances to be bounded away from zero or infinity, nor that the conductances
Ai, I € N, are independent under v. Defining the function 7 : [0, oo)N — Np via (A;);en
|{i € N:A; > 0}/, we introduce the pushforward probability measure

(2.4) /LI=UO7T_1

on Ny. As it corresponds to the law of the number of edges with conductances different from
0, it will play the role of the offspring distribution. We will assume from now on that the
mean of the offspring distribution satisfies

o0

(2.5) m:=>"ip@)>1,

i=0
which will correspond to the case of supercritical Galton—Watson trees.
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On some rich enough probability space we define the Galton—Watson tree 7 by construct-
ing 7 N N¥(C &), endowed with conductances on the (undirected) edges with the vertices
in 7 N NL recursively in k. For k = 0, we simply start with the vertex @ € N0 c x
called the root. For k > 0, once the tree 7 has been generated up to generation k, for
each vertex x € NF N T we generate independently a random vector (Ax ri)ieny With law
v. The vertex x has 7w ((Ax xi)ieN) children, and we endow the edge from x to its child xi,
1 <i <m((Axxi)ieN), With the conductance Ay ,; € (0, 00). This defines 7 N NA+1 and its
conductances with vertices in 7 N NK. The union over k € Ny of these sets, endowed with the
respective conductances, is denoted by 7T, the weighted Galton—Watson tree. Note that the
structure of the tree is completely determined by the weights A, and that an edge between two
vertices is present if and only if the conductance between them is nonzero. Under our stand-
ing assumption (2.5), the tree becomes extinct with probability ¢ < 1 (cf. for instance the
discussion below [23], Proposition 5.4). Hence, it has a positive probability to survive indef-
initely, and in order to avoid trivial situations, we will always condition the Galton—Watson
tree on this event of survival in what follows. We denote by PSV the probability measure
underlying the Galton—Watson tree constructed above, conditioned on survival.

Let us also define here already the canonical o -algebras that we consider throughout the ar-
ticle, and which only become relevant at later points in this article. The set X’ is endowed with
the o-algebra o ({x}, x € X'), and the space of subsets of X is endowed with the o-algebra
generated by the coordinate functions A — 1{yea), x € X. If T C X, we will often regard
(Ax,y)x~yer € (0, 00) - YET ¥} 45 an element of [0, 00)* *¥, endowed with the product of
the Borel-o -algebras, by taking A, , =0 if either x ¢ T or y ¢ T, or else if x and y are not
neighbors in 7.

2.2. Pruning of the tree. In this subsection we describe a useful pruning procedure for the
tree conditioned on survival, which corresponds to chopping all finite branches of the tree—
the remaining subtree is known as the reduced subtree in the literature, see, for example, [23].
In order to simplify our investigations, we will then observe that the conditioned chopped
Galton—Watson tree can also be constructed as a Galton—Watson tree with modified offspring
distribution and which then survives almost surely, see (2.6). For this purpose, we define the
reduced subtree 7°° of 7 as consisting of those vertices of 7~ which have an infinite line of
descendants:

T :={x €T : T, is infinite},

where we recall that the notation 7 has been introduced in the paragraph below (2.2).

Then [23], Proposition 5.28 (i), entails that 7°°, which can be seen as a tree in X', has—
possibly after relabeling and conditionally on survival—the same law as a Galton—Watson
tree 7 * with offspring distribution p*. The latter is characterized by its probability generating
function

FH(s) = flg+s(0-q)—q
(2.6) l—¢q
f is the probability generating function of 1.

,  where ¢ is the probability that 7 is finite, and

Note that f*(0) =0, hence u*(0) =0, that is, points in 7 * have zero probability of generat-
ing no children, and that u* has the same mean m as the law u associated to 7.

The behavior of the law of the conductances under pruning is slightly more involved.
Indeed, conditionally on 7 and for each x € T, conditionally on its number of children |GXT|,
the weights (Ay )y~ are independent of the event {x € 7°°}. Therefore, one can find a
probability measure v* on [0, 00)N with v* o 7~! = u* such that the weighted tree 7>
has—after relabeling—the same law conditionally on survival as a weighted Galton—Watson
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tree 7 obtained from the probability v*. The law of v* is the same as the law of v restricted
to P positive coordinates chosen uniformly at random among the K + P positive coordinates
of v, where P has law ™ and K has the law of the number of children of the root which do
not survive, given that the root has P surviving children (its probability generating function
is described in [23], Proposition 5.28 (iv)).

Note that even under v* it holds true that E"*[ZieN Li] < oo. Indeed, we first condition
on survival which is an event of positive probability, and then we delete those points not
belonging to 7°°, which can only decrease the respective expected conductance.

We already remark at this point that the above pruning procedure does not change the criti-
cal parameter &, we are interested in, as the Gaussian free field restricted to 7°° has the same
law on the pruned tree, and similarly for random interlacements. In particular, Theorems 1.1,
1.2 and 1.3 can be proven equivalently on the initial tree or on the pruned tree, and we refer
to Remark 2.4 for further details.

Therefore, without loss of generality, from now on we always work under the standing
assumption that

v is a probability measure such that 7w ((A;);en) > 1 v-a.s.;
(SA)
that is, under PSW all x € T have a.s. an infinite line of descendants.

In particular, under (SA), PGV is the law of a Galton—Watson tree without conditioning on
survival, since survival occurs with probability one.

2.3. Gaussian free field. Let us now define one of our main objects of interest, the Gaus-
sian free field. We start with some general definitions related to random walks. Let 7 be
a weighted tree with positive weights (Ay y)x~yer. For xo € T we define a random walk
(Xn)nen, on T under Px7(; as the Markov chain on its canonical space Ny starting in xg with
transition probabilities

X,y

. A
2.7) P (Xnp1=y|Xp =x) ==

forallx ~yeT,

X

where the total weight A, at x is defined as

(2.8) Ay = Z )\xy§

y~x

note that the total weight, unlike A, 4 in (1.2), sums over the conductance A, - also. For a
set U C T, the hitting and return times of X, respectively, are denoted by

Hy(X):=Hy :=inf{(n>0:X,€U} and
2.9 - -
Hy(X):=Hy :=inf{[n>1:X, €U},

respectively, with the convention inf @ = co. In the case of a single point U := {x}, we will
write H, and H in place of Hjy) and H{x}

In this section, we assume that the random walk X on 7 is transient, an assumption which
will in particular be satisfied for supercritical Galton—Watson trees conditioned on survival,
see Proposition 2.1. For U C T, the Green function associated to X, killed upon exiting U
under PT, is given by

HT\U 1
(2.10) gh(x,y) = —ET[ Z 1ix,— y}] forallx,yeT.
y
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In particular, we note that ng](x, y) =0 if either x ¢ U or y ¢ U. In addition, we write
gl (x,y) = iExT[Z,C{X;O 1{x,=y}], where x, y € T, for the Green function associated to X on
T.

Then g7 is symmetric positive definite, and we can hence consider a probability measure
IP’(T} on R” endowed with the canonical o-algebra generated by the coordinate maps (¢x)er
such that

(¢x)xer is a centered Gaussian field with covariance given by

B¢yl =g  (x,y), x,yeT.

We call ¢ the Gaussian free field on the tree T'. Let us now recall the Markov property for
¢, see, for instance [33], Proposition 2.3. For a finite set K € 7 and U :=T \ K, define for
allzeT,

(2.11) BY == El¢x, Vg <o)] and y:=¢, — g
Then

(vY), .y is a centered Gaussian field with covariance function EG[yYy ] =gl (z. w),

which vanishes in K and is independent of o (¢, z € K). Note moreover that Y is o (¢, z €
K)-measurable, and thus independent of ¢V .

Putting the previous general considerations in our context of interest, we note that for
almost all realizations of a weighted Galton—Watson tree 7, under PSY the Green function
g” is finite since the random walk is transient: the proof in [18], Proposition 2.1, can be
straightforwardly adapted to our case, that is, the case where for each x € X, the family

(Ax,y)y~x, 1s not necessarily independent. This yields the following result.

PROPOSITION 2.1 ([18]). PSW_almost surely, the random walk on the tree T with con-
ductances (Ay,y)x,yeT x~y IS transient.

Hence, for almost all realizations of the Galton—Watson tree 7, we can define the Gaussian
free field on T as the field ¢ under }P’g’—.

2.4. Random interlacements. The random interlacements process has been introduced
by Sznitman [31] for z4 (see [15] and [8] for introductory texts) and it has subsequently
been generalized to transient weighted graphs in [37]. For a transient weighted tree T with
conductances (Ay y)yx~yer, We define the equilibrium measure and capacity of a finite set
KCT as

(2.12) ek, 7(x) :=1ek)Ax PXT(HK =o00) and capp(K):= Z ek 7(x).

xekK
We also define the capacity of an infinite set /' C T as the limit of the capacity of F, as
n — oo, where (Fy),cN 1S a sequence of finite sets increasing to F'; we refer for instance to
the end of [14], Section 2.2, for as to why this limit exists and does not depend on the choice
of the exhausting sequence (F}),cn. We further introduce the set

?T = {E)): No— T| W, ~ Wpy forall n >0 and d7 (&, W,) — oo as n — oo}

of transient nearest neighbor trajectories on 7" as well as the set

(2.13) <§)T::{<w):Z_>T|(w)n"’<w>n+1 for all n € Z and

dr (D, W p) — 00 as n — 00}



GENERATING GW TREES USING RANDOM WALKS AND PERCOLATION FOR THE GFF 2855

<~

of doubly infinite transient nearest neighbor trajectories. In the literature, the set Z 7 in

(2.13) is usually denoted by W; in this article, however, in a self-suggestive manner, we

reserve W for the notion of watersheds, a key object which will be defined in Section 4.
<~

Denote by (Y the identity map on Z r, and we indicate with 7() and ()? the forward and
backward trajectories

—> <> < <>
(Xl’l)nEN() = ( X n)neN() and (Xl’l)nEN() = ( X —n)neN()-

— <~ . — <~ .

Let Z 7 and Z 7 be the associated o-algebrason Z r and Z r generated by the coordinate
< <

functions. On ( Z 7, Z 7) we consider the family of measures Qﬁ, K C T finite, which is

characterized by the identities
T B2 T 5 T
QK((Xn)neNEA, X0=xa(Xn)n€N€B) = Px (A» HK=OO))‘4xPx (B)l{xeK}

2.12 ~
LT (A|Hy = co)ex .7 (x)PT (B)

(2.14)

forall A, B € ZT, x € T; here, ﬁK is the return time to K defined in (2.9).

Following [37], one can then show that there exists a unique measure w7 on the quotient
space Z7. of trajectories in VA 7 modulo time shift, whose restriction to the trajectories hitting
K is the pushforward of the measures Q£ by projection onto Z7. Under some probability
measure P}}I, the random interlacements process on 7 is then defined as the Poisson point
process

(2.15) Z S(W?,ui) on Z7 x [0, co) with intensity measure ur ® A,

ieN
where A is the one-dimensional Lebesgue measure restricted to [0, c0). For u € (0, 0o) we
define the random interlacements process w,, at level u as the sum of §,,+ over all i € N with
u; € [0, u], and the random interlacements set 7" at level u as the subset of T visited by the
(equivalence classes of) random walks w? in the support of w,,.

We now present an alternative construction of the random interlacements process on trees,
which will turn out useful for our purposes. It consists of partitioning the space ?T into
subsets according to the highest visited vertex of the contained trajectories. For this purpose,
for x € T define the quantity

(2.16) er(x) =PI (H, =00, Hy- = 00)A, P (H,~ = 00),

where we recall that H, and H, are the hitting and return times, respectively, of x, defined in
(2.9). If x = 9, we take the convention that H,- = oo occurs almost surely. We also define
the law of a doubly infinite random walk with the point x at smallest distance from the root
&, and which is reached for the first time at time 0, by

Ef((yn)nel\l €A, (})n)neN € B)

(2.17) B
:= Pl (A|H, = 00, Hy- = 00) P! (B|H,- = 00),

= . .
for all A, B € Z . Here, we use the convention H,- = oo a.s. if x = &. Note that

< —T . . : . .
ér(2)04 = QL. We now show that this alternative construction provides us with a random
interlacements process as desired.

THEOREM 2.2. Denote by T a transient weighted tree with conductances (Ax y)x~yeT -
Let u > 0, and independently for each x € T, let Ty be a Poi(uér (x))-distributed random
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variable. Furthermore, let X, ;, i € N, be an independent i.i.d. family of doubly infinite ran-
dom walks on T with common law @z Denote by X;’; ; the trajectory X ; modulo time-shift.
Then
I'x
Z Z 8X§ . has the same law as w, under IP’I;I.

xeTi=1

<~ <~

PROOF. For x € T we denote by Z . 7 the subset of Z r, see (2.13), which contains
only those doubly infinite trajectories with highest point equal to x, reached for the first time
at time 0, that is,

<> <> —> <~ ~ <
Z.r={Xe Zr:Xo=x,H(X)=Hy(X)=H.(X)=00).

Write Z7  for the quotient space of Z , 7 modulo time shift. Since trajectories on a tree
have a unique highest point, the family of sets ZF ., x € T, forms a partition of Z7..
For any measure M and measurable set A, write M|, for the restriction M(A N -) to A.

Recalling the definitions of QIT{, ér and @i in (2.14), (2.16) and (2.17), we have for all
events A, B € _Z) that

T <« —
Q{x}|‘7x ((Xn)neN €A, (X pen € B)

,T
= PI'(A, H- =00, Hy = 00)), P! (B, Hy- = 00)
=¢r(x)PL(A|H, - =00, H, = 00) PI (B|H,~ = o0)
o AT, =
=er(x)Q, ((Xn)nEN €A, (XnneN € B)-

.. =T —T . . .
Next, write (Q,)* for the pushforward of Q, into the quotient space. If a trajectory
<~ <~
Xy € Z 7 is such that X} € Z7 -, then Q{Tx}—a.s. we have X, € Z x. 7, so we see that

%MT | zr, = (@?)*. Hence, since I’y is a Poisson random variable with parameter uér (x)
we deduce that
[y
(2.18) Z 8xx . 1s a Poisson point process on Z7 with intensity measure upr lzx -
i=1
Using the restriction property and the mapping theorem for Poisson point processes in
order to first remove the trajectories with label bigger than u and then the labels themselves,
we see that the interlacements process w, as defined below (2.15) has the law of a Poisson
point process with intensity measure u/ur.
Furthermore, since the subsets Z} 7, x € T, form a partition of Z7, due to the superposi-
tion theorem for Poisson point processes, taking the sum of (2.18) over x € T yields the law
of a Poisson point process with intensity u 7, that is, of w,, and the proof is complete. [

The representation of random interlacements via the highest vertex visited by its trajecto-
ries, Theorem 2.2, will be the base of our construction of the Galton—Watson tree via random
interlacements, cf. Proposition 4.2.

REMARK 2.3. Theorem 2.2 can be seen as a generalization of [37], Theorem 5.1. Indeed,
if x € T is such that either x~ € V* := (Z")€ or x = &, then x € V* if and only if there are
no trajectories in ? x.7 1n the support of w,. By Theorem 2.2, this happens independently
for each x € T with probability "y = 0 = exp(—uér (x)). In other words, the cluster of & in
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V" has the same law as the cluster of @ when opening each vertex x of T independently with
probability exp(—uér(x)). Moreover, é7(x) is equal to the function fz(x) from [37], (5.1),
and [37], Theorem 5.1, follows readily after rerooting.

Similar to [37], this can be used to prove the PCV_ass. inequality u, (7) > 0, where u.(T)
is the critical parameter associated to the percolation of V* under }P’$-1. Indeed, this follows
from the following facts:

e the inequality é7(x) <Ay <Ay 4+ + Ay~ 4 1x20), and

e the fact that the cluster of @ for Bernoulli percolation on 7~ with parameter e 2 14, . <c)s
x €T, is a Galton—Watson tree since Ay 4, x € 7, are i.i.d. random variables, which is
supercritical for first choosing C large enough and then # > 0 small enough.

Note that the inequality u.(7) > 0 can also be seen as a consequence of Theorem 1.1 as noted
below (1.6). One can furthermore also similarly prove that V* N B,—see (1.5) for notation—
percolates for u > 0 small enough and p € (0, 1) large enough, since it is minorized by
Bernoulli percolation on 7~ with parameter pe=2“C1; ag<Cp X €T,

REMARK 2.4. Note that the trace random walk on 7°° of the random walk on 7T is a
random walk on 7°, as follows from instance from [33], Proposition 1.11. Therefore, as in
[31, (1.30), (1.31), the restriction of ¢ to 7°° has the same law as the Gaussian free field on
T°°, and so the critical parameters for level set percolation of the Gaussian free field on T
and 7 coincide—note that this remains true in the case of weighted trees. In particular,
one can substitute v by v* when proving Theorem 1.1. Moreover, one can easily prove that
% NT*°—where 7" is the random interlacements set on 7 —has the same law as the random
interlacements set on the graph 7°° (note to this effect that A PxT (A, Hy = 00) is equal to
ZyeToo )Lx,yPyT (A, Hx = 00) for each x € K in (2.14)), and thus one can also substitute v
by v* when proving Theorems 1.2 and 1.3.

2.5. An isomorphism theorem. A key tool in our investigations is provided by certain
Ray—Knight isomorphism theorems relating the Gaussian free field to random interlacements.
Such results have a long history, dating back to Dynkin’s isomorphism theorem and, less
explicitly, even earlier work by Symanzik [30] as well as Brydges, Frohlich and Spencer [5].
The exact isomorphism that we are going to use here has been developed in [21, 32, 35] and
then [14].

As before, we still assume some transient weighted tree 7' to be given. Recalling the defi-
nition below (2.15) of the random interlacements process w, at level u, forx € T and 4 > 0
let us denote by

N, (u) the sum over all equivalence classes of trajectories w*

in w,, of the total number of times w™ visits x.

On some possibly extended probability space, let €,§k), x € T and k € N, be an i.i.d. family of
exponential random variables with parameter one, independent of the random interlacements.
The local time (¢ ,)xer, of random interlacements at level u can then be defined as

1 Ny (u)
(2.19) bewi=— Y E® forallxeT.
Ax k=1

We can now state the isomorphism theorem; note that here and below, we use the convention
that Hy- = oo holds P -almost surely for any tree T and x € T.
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PROPOSITION 2.5. Assume that T is a transient tree verifying that forall x € T ,
(2.20) capy({X;,i eN}) =00,  PI(|H =o0)-as.

Then for each u > 0, there exists a coupling Q7 of two Gaussian free fields ¢ and y on T,
a random interlacements process w, on T at level u, and i.i.d. exponential random variables

S)Ek), x € T and k € N, with parameter one such that ¢, &Y and wy are independent, and

Q%-a.s.,

(2.21) Ve =—V2u+ /20, + ¢2 forall x € T",
where £y, is defined as in (2.19) and I" as below (2.15).

PROOF. The isomorphism theorem on the so-called cable system, see [21], Proposi-
tion 6.3, or [32], (0.4), on general graphs, states that

(2.22) 1P 4+ 2u| =20, +¢2 forallxeT.

Here, T denotes the cable system associated to 7', and ¥/, é and Z,u correspond to Gaussian
free fields and local times of random interlacements on T. We restrain from introducing the
cable system T in this article, as this metric structure will be only used in this proof; see [21]
for references. We only note that 7 C T, and that the restrictions vy, ¢ and €., of ¥, é and
‘. u to T have the same laws as the corresponding fields from Proposition 2.5. In order to
deduce (2.21) from (2.22), we note that

each trajectory w™* of w, is either included in a connected component of
(2.23) - ~
{xeT:y >—v2u} orof {xeT:p, <—~2u},
which is a simple consequence of [14], (3.19). Moreover, by [14], Theorem 1.1,(1), and
symmetry it holds that

(2.24) all the connected components of {x € T: Yx < —~/2u} have finite capacity.

Under hypothesis (2.20), for each trajectory w* of w,, it follows from Theorem 2.2 that the
capacity of w* is PRl-as. infinite, and thus by (2.23) and (2.24), w* must be included in
{x € T : yx > —+/2u}. The identity (2.21) then follows readily from (2.22). [

Actually Proposition 2.5 remains true on any locally finite graph, but we will only need
it on trees in this paper. We will prove that the hypothesis (2.20) holds when T = T is the
Galton—Watson tree introduced in Section 2.1, see Proposition 5.8. Therefore, in our context,

Proposition 2.5 will readily imply the inclusion (1.8) (defining E=Y2 therein as the level sets
of the field y), which is the first step in the proof of Theorem 1.1 as explained in Section 1.2.

REMARK 2.6. Following the proof of [3], Proposition 5.2, one can easily show that a
version of the isomorphism (2.21) holds on Galton—Watson trees with unitary conductances
and finite mean offspring distribution m. They prove this isomorphism using conditions dif-
ferent from (2.20), namely that the sign clusters of the Gaussian free field on the cable system
are bounded and a certain boundedness condition of the Green function; in view of [14], The-
orem 1.1,(2), the boundedness of the sign clusters is actually sufficient. It turns out that in
the context of random conductances (and in particular, if the mean offspring distribution m is
infinite or if (Ay y)x~ye7 are not i.i.d. conductances conditionally on the nonweighted graph
T), it will be easier to deduce the isomorphism (2.21) from condition (2.20) instead. Indeed,
we will prove that condition (2.20) holds in Proposition 5.8 using tools very similar to the
proof Theorem 1.2.
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3. Warm up: A first proof in an easier setting. In this section we give a simple proof
of the inequality 4,(7) > O under the stronger assumption that m > 2. Note that this is also
proved via different means in the setting of Galton—Watson trees with unit weights in [3]. The
proof in [3] could be adapted to the setting of random weights, but it is currently not clear to
us how to adapt it to the setting m € (1, 2]. Moreover, we believe that our proof in this section
for m > 2 is simpler, and at the same time it exhibits the difficulties that are showing up when
proving Theorem 1.1 for the case m € (1, 2]. What is more, our proof will also provide us
with an example of a weighted Galton—Watson tree where &, = oo, see (3.4), showing that
the phase transition is not always nontrivial in our context.

In order to introduce our setup, we consider the weighted Galton—Watson tree 7 C X from
Section 2.1. Recall that the law of the weights below each vertex is a probability measure
v on [0, 00)Y, and these weights are chosen independently for different vertices, and that
the function 7 ((A;);cn) denotes the number of offspring, with mean m, see (2.4) and (2.5).
Contrary to the rest of this article, in this section we do not make the usual assumption (2.3)
on the weights A, but keep the assumption m > 1. In the following, by F we denote the
cumulative distribution function of a standard normal variable.

PROPOSITION 3.1. For all h > 0 such that there exists M > 0 with
(3.1) EV[7 ((A)ien) 1y, o i<y | F (=hV/2M) > 1,

we have hy > h.

PROOF. In this proof, we use the construction of the Gaussian free field as in [1], Sec-
tion 2.1, through independent standard normal variables, extended to our case of nonregular
trees. Let (Z,)cx be a family of independent standard normal variables under P. Then, con-

ditionally on the realization of the tree 7, define ¢ := /g7 (&, @) Zy and, recursively in
the distance from the root, we set

¢r = P] (H,~ < 00)¢,— + /8T (x.x)Zy.

Using the Markov property (2.11) with U = 7, one can check that the field (¢, ),e7 defined
this way has the law of a Gaussian free field on 7. Moreover, using the bound g% (x,x)> i,
conditioned on the realization of the weighted tree T, the previous display then entails the
implication

(3.2) {Zy > h/hg,p- > 1) = ¢y >N},

with the convention ¢ .- > h a.s. if x = @.
We define now the random set S(h, M) C T as

Sth, M) :={2}U{x e T\{@}: Zy- > hv/2M, 1~ . < M}.

Note that on the event x € 7, the mean number of children the vertex x has in S(h, M)
satisfies

. EV @ E[|GS"M)|1x € T]=EV [ ((hx xi)ien) 1, o <my P(Zx > h/2M)|x € T]
’ — B [ (O)iem) Ly, o py <) ) F (—h/2DD).

Moreover, for each x € T, the number of children of x in S(k, M) only depends on (Ax yi)ieN
and Z,, which are independent in x. Therefore, the connected component of @ in S(h, M)
has the law of a Galton—Watson tree with mean given by (3.3). Due to assumption (3.1), this
mean is strictly larger than one and thus this Galton—Watson tree has a positive probability
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to be infinite. Finally, it follows easily from (3.2) and the inequality A, < A 4 + A,— ;4 that
¢,- > h for each x # & in the connected component of & in S(h, M), and we can conclude.
O

Let us now present two interesting assumptions on the mean offspring m and on the distri-
bution of the weights (A;);en, under which (3.3) is satisfied.

e Assume m > 2. We can find some M > 0 such that Ev[”(()‘i)ieN)l{ZieNAisM}] > 2 since
the left hand side converges to m as M — oo, and then a positive level i such that
F(—h~/2M) is close enough to %, so that (3.3) is bigger than 1, providing us with A, > 0.

e Let N be a random variable taking values in N with infinite mean under v. Define (};);eN
viad; =1/N foralli < NandA; =0foralli > N.Then ) ;.yA; =1 and m = oo. Hence
for each 1 > 0 since F(—h+/2) > 0 we have that the left-hand side of (3.1) is infinite for
M =1, that is,

34 hy = 00.

Note that we have not taken advantage of the assumption (1.2) in this section; as a con-
sequence, the inequality 4, > 0 from Theorem 1.1 holds when m > 2 even without this
assumption. It is not clear whether this assumption is necessary when m € (1, 2].

4. A simultaneous exploration of the tree via random interlacements. In this section
we introduce an explorative construction procedure for supercritical Galton—Watson trees via
random interlacements, which is tailor-made for our purposes. To the best of our knowl-
edge, previous approaches to problems related to random interlacements on random graphs
generated the random interlacements process only after having complete information on the
realization of the graph. In our setting, however—in order to gain a better control on both,
the Gaussian free field and the local times of random interlacements—we generate the un-
derlying graph 7 and the random interlacements process simultaneously. In some sense, this
construction provides us with independence properties that will turn out useful in creating
coarse-grained “good” parts of the interlacements set and the level sets of an independent
Gaussian free field.

In particular, in Section 4.1 we will first construct a “single small piece” of the tree. This
piece will consist of the trace of a finite random walk trajectory exploring the Galton—Watson
tree at each vertex visited by the walk. We will call a piece of the tree constructed in this way
a watershed. Repeating this procedure iteratively for boundary vertices of previously con-
structed watersheds, in Section 4.2 we will then patch together all watersheds constructed in
this way, as well as some remaining ends; the resulting object will be denoted by 7. It turns
out that 7" will be a tree with the following properties: it is a weighted Galton—-Watson tree,
and the random walk trajectories used to construct its watersheds can be interpreted as part
of a random interlacements process on 7 *'. This last property will be shown in Section 4.3
with the help of Theorem 2.2.

4.1. Watersheds. We now introduce the notion of a watershed starting at a vertex x €
X\ {9}, with parameters L € N, L > 2 and « € [0, 00), on which all the objects constructed
in this subsection will depend implicitly (the case x = & is excluded for technical reasons). A
watershed will form a finite subtree of a Galton—Watson tree, and it will be constructed as the
trace of a random walk that is visiting vertices starting at the root x of a subtree of X, until—
if successful—at least L vertices of the subtree are explored in a suitable way. The parameter
« will represent the conductance of the edge between x and x—, which is thus fixed. In order
to facilitate readability, we will denote objects pertaining to watersheds by boldface letters
throughout.
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The watershed will be defined by means of a sequence of triplets (T, (Ay ;) y~z,y,zeTy»
Xk)keNy, such that, for each k € Ny, we have that

e T, C X is connected,
e the A, ; € (0, 00) are (symmetric) weights on the edges {y, z} of Ty and
e X is arandom variable with X; € T.

In order to construct this sequence, we first fix

4.1 (k;k) )ien»  k €No, ani.i.d. family of random variables with common law v,

and proceed by induction. We start with T as being characterized uniquely by the specifica-
tion of its vertex set {x ™, x} (mind that x~ is well defined as we assumed x # @), as well as
the conductance A,- , := « and the almost sure equality X := x.

We first define the the triplet (T, (Ay,z)y~z,y,zeT,» X&) until some stopping time Vi(X),
that we will define in (4.3), and thus assume that this triplet is given for some nonnegative
integer k < VL (X). Recalling the definition below (2.1) of the boundary 97 for a tree 7, we
then define (Tr+1, (Ay,z) y~z,y,zeTiy1» Xk+1) as follows:

o If X; € 0Ty, we proceed as follows. Let Ni := |{Xo, ..., Xk}|, and construct the offspring
of X via AMN®) More precisely, in Ulam—Harris notation, define Ty | as the union of Ty
with the set of offspring of Xy, that is, with {Xzi, 1 <i < n((XENk))ieN)}, so Tx41 againisa
tree. By definition, the number of offspring of X in Ty has distribution p. Furthermore,
the weights A on Ty, are the same as on Ty, where in addition we now attribute weights
AX X0 = XEN") for1 <i < n((kENk))ieN) to the edges which are contained in Ty but
not in Ty.

o If X ¢ 0Ty, then we set Ty := Ty, and the weights A on Ty are the same as on Tk.

In both of the above cases, in order to construct Xz, we consider a random walk tran-
sition of X; on Ty 1; hence, independently of everything else, we define the random vari-
able X1 as a neighbor of Xy in Ty1, which is equal to y ~ Xy, y € Ty41, with prob-
ability Ax,,y/Ax,, where Ax, is a normalizing constant defined similar to (2.8). Note that,
as long as x~ is not reached by X, the event {X; € dTy} above corresponds to the event
Xk ¢ {Xo, - -, Xk—1}}- N

We iterate the above procedure in k until reaching the stopping time Vg (X) that we are
about to define. For this purpose, set H, - (X) to be the first hitting time of x~ by X, defined
similarly as in (2.9), and

4.2) Ve = Vi(X) :=inf{k > 0: [{Xo.....X3}| = L} A Hy— (X)

the first time at which the random walk X has visited L different vertices, or x~ is hit. Then
let

inf{n >V X, =Xy, | if Ve(X) < H,- (X),

4.3) Ve =Ve(X) = H.-(X) if Vi (X) = H-(X),

where we always use the convention inf @ = co. In words, Vi (X) is the first time the par-
ent of Xy, is visited if H,- > Vi, and otherwise it equals H,-. That is, we stop our re-
cursive construction the first time either x~ is visited by X, or X has visited L vertices
at time V, and then X‘_,L is hit. Note that it is possible that neither x~, nor X‘_,L after
time Vi, are visited, and in this case \7L = 00, that is, we continue our recursive con-
struction indefinitely. Otherwise, we stop the recursion at time VL, and for each k > VL
we define (Tx, Xy )y~z y.ze1y, Xk) = (Ty,, (ly,z)ywz,y,zeTvL,XﬁL). We also abbreviate
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(T, A, X) := (Tk, Ay ) y~z,y.z€T; » Xk )keN, - This concludes the recursive construction of this
triplet.
The process (T, A, X) is called watershed process, and we denote by

“4.4) Q§’L the law of the watershed process (T, A, X)

starting at x € X'\ {&}, with parameters L € N and « > 0. Similar to the above, if we replace
the evolving state space of X by a fixed tree 7', under the law PT of the simple random walk
X from (2.7), we define VL = VL (X) similarly as in (4.3). In the following proposition, we
explain how the process (T, A, X) can be considered a random walk exploration of the initial
Galton—Watson tree 7 from Section 2.1.

PROPOSITION 4.1. For all x € X\ {9}, k >0and L €N, the process (T, A, X) under
QY L has the same law as (T, k/\V , (Ay, Z)y zeTX XkAVL)kGNo under EGW[PXT(-)MX’K =

K, x €T, where:

e Conditionally on (T, (Ay ;)y.zeT), the process (X,) is the random walk on T defined in
Section 2.3.

e Fork eN, the set TX :={z €T : 2~ X; for some i <k — 1} is the subset of T adjacent
to the trace of {X1, ..., Xk—1}.

PROOF. Attime k, for 1 <k < VL, we sample the offspring of X;_; independently of
everything else via their conductances according to v if it is the first time X;_| was visited by
X; therefore, Ty is a Galton—Watson tree restricted to the offspring of the vertices explored
by X before time k — 1, union with the edge To = {x—, x}. After time VL (if it is finite), Ty
stays constant equal to T, , and X constant equal to Xy, .

Similarly, when X at time 1 <k < Vi performs a jump, the offspring of the point Xj_
has already been generated according to v, either at step k or in a preceding step, and then

X1 jumps to X with the probability
AXi 1. Xk
)”Xk—l

’

which is analogous to (2.7). Hence both X and X behave like a random walk on their respec-
tive trees until time ‘7L, and \7L corresponds for both walks to the first time either x ™~ is hit,
or L different vertices have been visited by the walk, and then, denoting by y the last of these
L vertices, y~ has been hit. One can easily conclude. [

Let us finish this section with an observation which will be essential in the proof of
Lemma 5.3 below. For this purpose, first define under Q?L the watershed W as the path
of X until V; — 1, that is,

4.5) W ={Xo,.... Xy, —1}.

Using the convention A y; = 0if yi ¢ T, by (4.2), (4.3) and the construction of the weights
Ay z, ¥y ~ z € Ty, we have under Q§’L that

1

[y yien:y e WA {x)) = {(A9), o ik € (2, ..., L = 1)),

w Mxidien = (A1), oy andif  Vp(X) < He-(X),  then

which follows simply from the fact that the conductances (Ay, y;);en are equal to (X;k)) ieN if
y is the kth vertex visited by X.
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The tree TV The tree F' of free points
@
[ ]
O O ® o ®
3 4 5 7
Os@ o @ O

131111 33

FIG. 1. (A finite subset of) the tree TW . on the left, has some highlighted vertices, denoted by a coding a, at
which a new watershed is generated. Those points correspond to points in (a finite subset of) the tree of free points
F on the right, where they have a different coding a. For instance 72 =132,211. We highlighted with different
colors each a € F on the right and on the left the corresponding point @ and the path on TW visited by the
random walk X%, which generates the watershed below @. On the right, the points 5 and 6 are part of the tree
of free points, but the corresponding vertices 5 and 6 do not appear yet on the left since they are below the 6th
generation.

4.2. Patching together watersheds. In the previous subsection we explained how to con-
struct a watershed process (T, A, X) starting at an arbitrary vertex. We will now iteratively
patch together watersheds at the endpoints of previously generated watersheds. The union
TW of such watersheds will already constitute a transient subset of the random interlace-
ments set on the Galton—Watson tree. Embellishing 7V with some further “ends” will yield
atree 7V which has the law of the weighted Galton—Watson tree we are interested in.

We will now give an informal description of this procedure and provide mathematical
details below. To patch the watersheds together, we will introduce another tree F, the tree
of free points. This tree encodes the points at which watersheds will be patched together in
the construction outlined above, that is, F is a tree in X’ and, at the same time, to each free
point a € F we associate another point @ € X—which will turn out to also be an element
of the tree TV to be constructed—at which we will start a new watershed. Patching up
the watersheds through their vertices corresponding to free points, we will then be able to
construct inductively the tree 7. We refer to Figure 1 for an illustration.

We will define the weighted tree F' with weights denoted by )»5 o> a~a €F,through a
recursively defined sequence (Fy) of weighted trees, such that to each a € Fy_1 we associate
a watershed (T%, A%, X%) starting in @ as defined in the last subsection, and to each vertex
a € Fy we associate another vertex a € X.

As explained above, this construction of F as well as the corresponding watersheds, will
depend on a parameter L € N, that we fix for the rest of this section. We denote by PIKV the
probability measure under which these objects are constructed. For technical reasons, we will
start the first watershed in the point 1 instead of &.

First set F_| := @, Fy:= {@) take & = 1, and generate some weights (kgi)ieN with
law v. Now assume Fj_; and Fj are given for some k € Ny, and that each point a € Fy is
associated to a point @ € X'. We define Fy. as follows. For each a € F \ Fy—_1, we generate

)»F

L
4.7 an independent watershed (T“, 1%, X“) with law Q;“ “ ,
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as defined in (4.4). Note that @~ is not well defined, but for « = @ we will take the convention
(4.8) Moo=

The watershed (T%, A%, X“) will be used to encode the set of free points via the following
set:

(4.9) Fa = (0T, \ {Xy, }:

in other words, apart from X7, , the set §, corresponds to the vertices on the boundary of the
tree T* once the walk has either visited L vertices or hita™. The vertex XY, is excluded from
this set since, by definition of Vi, the first generation of the tree below X{, has already been
explored by T¢. Equivalently, the points in §, are vertices not visited by the random walk
X{?, 1 <k < V_, but adjacent to its trace, and which have thus already been generated during
the construction of the watershed. We will then generate new watersheds from the vertices in
Sa. We can now define the next generation of the tree of free points

ISal

(4.10) Fa=RU |J Yla)

aceF\Fy_1i=2
In other words, the sets of points §,, a € Fi \ Fx—1, are used to build the (k 4 1)-st level of
the tree of free points, and we define ai as the ith element (in lexicographic order) of §, for
each 1 <i <|§,|. Note that the union over i starts at 2 for technical reasons, cf. property (ii)
in Definition 5.1, and the explanation in the second paragraph thereafter. In particular, @1 is
well defined but not part of the tree F, for instance T=11111in Figure 1.

We moreover define the conductance of the edge above the vertex ai for Fi11 as

(4.11) AF =

a,ai (ab)—,ai’
whereas the conductances on Fj C Fy41 stay the same as before. This concludes the inductive
definition of the sequence (F}), and the tree of free points is simply defined via

(4.12) F:= ] F,
kENo

endowed with the same conductances as the Fy, k € Ny.
Let us now explain how to construct a Galton—Watson tree by gluing together the water-
sheds (T%, A%, X%), a € F. We first set

(4.13) TV:={2,....7(0Y) ;e U T
acF

in other words, 7" consists of a first generation with weights (Ag j) jeN, and the union of the
watersheds T¢, a € F'; note that the root & belongs to T? by (4.7) and the convention =1,
cf. (4.8) also, and in particular @ € 7-W. One can view 7.V as a tree in X', and we endow each
of its edges {x, y} such that x, y € T for some a € F' with the conductance )‘fc’y. Note that
each edge {x, y} of TW is also an edge of T for some a € F, and in fact, for eacha € F, T?
and T* have exactly one edge in common: {@~, a}. Moreover, in view of (4.7) and (4.11),
kg,’a = kg —a= Xg:ﬁ, hence the conductances of the tree 7.V are uniquely defined.

Observe that the tree 7" is not yet a Galton—Watson tree with the desired offspring dis-
tribution since for some vertices x € 7. we did not construct their descendants: this is the
case if x = al for some a € F (see (4.10)), or if x is in the boundary of T%L \ T‘{,L (since no
vertices correspond to free points in this part of the watershed). Therefore, we now add some
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ends to those points in order to complete the construction of the Galton—Watson tree. More
precisely, define independently of everything else

an independent family of Galton-Watson trees (77), .

4.14)
each 7% with the same law as x - 7 under POV .

In other words, 7 is a Galton—Watson tree rooted at x. We now define 7V as the weighted
tree obtained from the union of 7V with the 7%, x € T W, endowed with their respective

conductances, and we denote by AW the conductances on 7. We then have that for all
LeN,

(4.15) TW has the same law under P{V as the Galton—Watson tree 7 under PGW;

indeed, it follows from Proposition 4.1 and (4.7) that, conditionally on T“,, a € Fr_i, a
single watershed T¢, a € Fy \ Fi—_1, has the same law as a Galton—Watson tree restricted to
this watershed, conditionally on kg_ﬁ = Ag - a Since kf —a= X%:ﬁ(z lg_ﬁ) by (4.7) and
(4.11) we obtain that the conductances between each vertex x € 7Y \ 97" and its offspring
are distributed independently according to v. Note that, for each x € 37V, the subtree 7;W =
(TW), equals 7* with the desired offspring distribution by definition in (4.14) and below,
and we conclude that (4.15) holds true.

4.3. Watersheds and random interlacements. In the previous subsections, we generated
simultaneously the Galton—Watson tree and random walks on it through the structure of wa-
tersheds. The next goal now is to interpret these random walks as a part of a random in-
terlacements process, which will essentially follow from Theorem 2.2 and some additional
conditions as in (4.18). Under some probability measure }P’g ,u>0,let

(4.16) (Ty)xex be an i.i.d. family of Poi(#%) random variables.

We denote by sz = the product measure PZV ® IP’IE, under which the tree 7V and the Poisson
random variables (I"y)cx are independent. Furthermore, for a € F let

4.17) W={X{:kelo,..., VL (XY) - 1}}.
Recall the definition of eg 7 from (2.12).

PROPOSITION 4.2. Letii,u > 0 and L € N. On some extension of the probability space
corresponding to PK 7> one can couple TW defined in (4.15) and a set T" in such a way that

conditionally on TW . the set T" is an interlacements set at level u on TV, and foralla e F,

if

(4.18) ;> 1, Vi(X9) =00, and u>

e{a}’%w (a) ’
where TV is the subtree of TV below @, then
W4 1.
PROOF. Conditionally on 7 W for each a € F, define X" asa process on TW such that

X, = X¢ for 0 < k < V7 (X?), and such that, if V;(X?) < oo, the process X, k > V, (X9),

is a random walk on 7W starting in X“‘7L Xoy" On some extension of the probability space

corresponding to szﬁ, conditionally on 7V, start independently from each x € TV i.i.d.

;. . W . .
random walks X*!, i > 2, each with law PXT (-|H,- = 00), with the convention Hy- = 00.
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Moreover, take X©! = X if x = @ for some a € F and H;- (Xa) = 00, and otherwise let
X*! be some other independent walk with law PXT W(-|Hx— = 00). Taking advantage of the
thinning property for Poisson random variables and Proposition 4.1, one can easily prove
that, conditionally on TW and for each a € F, the probability P{V’ (Ta>1, Hz- (Xa) = 00)
is smaller than or equal to the probability that a Poi(ﬁPaT W (Hz- = 00))-distributed random
variable is larger or equal to one. Noting that V(X9 = 00 implies Hyz- (X") = 00, and taking
advantage of the equality

. (2.12) TV ~ W~
e (@ = A, P (Hy=00) =AY P]" (Hy = 00, Hy- = 00)

(2.16) erw(a)
= - ,
P (Ha- = 00)

one can construct conditionally on 7" for each x € TW a Poisson random variable I, with
parameter uésw(x) such that for each a € F, the properties in (4.18) already entail that
rz>1.

Moreover, conditionally on TW. introduce ?x doi>1,as doubly infinite random walk
trajectories on 7", whose forward part is defined to be X*, and whose backward part is

an independent random walk with law P);r w(‘le = 00, ﬁx = 00) for each x € TW. By

.. .. W < xi —TW .
Proposition 4.1, conditionally on 7, the process X *' has law Q, foreachi > 1, see

<~ .
(2.17). We can now define 7" as the set of vertices visited by any of the trajectories X ***,
iefl,..., F;} and x € TW, which has the same law conditionally on TW as under ]P’I;IW

by Theorem 2.2. Since (4.18) implies I'; > 1 and Xg’l = XY for each k € Ny, we can easily
conclude by the definition (4.17) of W¢. [J

5. Percolation of the level set. In this section we prove Theorems 1.1 and 1.2. We first
define a set of “good” properties, see Definition 5.1 below, which can be satisfied by a vertex
a in the tree of free points F, as defined in Section 4.2. We will show in Lemma 5.3 that a
is good with not too small probability. Our notion of goodness is chosen so that on the one
hand, the watershed associated to each good free point is included in the interlacements set
7" from Proposition 4.2, see Proposition 5.5, and also included in the set A, from (1.9) with
high probability, see Proposition 5.7; on the other hand, it also ensures that the tree of good
free points survives, see Proposition 5.5. We refer to the discussion below Definition 5.1 for
more details. This readily yields the percolation of the set A, N Z*, and an application of the
inclusion (1.8), which follows from Proposition 2.5 and Proposition 5.8 below, completes the
proof of Theorems 1.1 and 1.2.

Let us now define the properties which make a free point good. For this purpose, recall
the watershed (T¢, A%, X%) from (4.7), where a € F, with F the tree of free points defined
in (4.12). We recall that in this watershed, X* is a random walk stopped at time Vi (X%), see
(4.3), and for K C T we denote by Hg (X%) the hitting time of K for this stopped random
walk similar to (2.9). Recall also the definition of the set W¢ from (4.17) and of the Poisson
random variable I'; from (4.16). Also recall that when x € 37V, the tree 77, see (4.14), 1s
equal to the Galton—Watson tree below x in 7 V. Finally, recall that for a set A C X, by Gj?
we denote the set of children of x in A, see (2.2), and for a transient tree 7', by gT we denote
the Green function on T, see below (2.10).

DEFINITION 5.1. Letu, B, ¢y, Ca, C, be positive real numbers, L € Nand ¢y € (0, 1].
Under PEI’Z;, we say thata € Fis (L, B, ¢, Cp, Cq, c)-good if the corresponding watershed
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(T%, A%, X9), the weighted tree 7! and the Poisson random variable I'; satisfy the following
properties:

(i) The Poisson variable I'; satisfies 'z > 1.
(i1)) The watershed satisfies

(5.1) GY' =208 > and (A),, <Ca,
and the weighted tree 79 satisfies
(5.2) g7 @l.an < c,.
(iii) The trajectory X“ satisfies
Hig- a1y (X*) = VL(X) = co.
(iv) The set of children of the vertex a in the tree of free points F satisfies
l{a' € G5 :kia, <Cp}|=csL.

(v) The conductances A* on W satisfy

(5.3) — Y, () <B.

1
L2 yews

[\S/[S8)

We now explain how the good properties defined above can be combined in order to de-
duce the percolation of A, NZ", see (1.9). The first three properties imply that the conditions
in (4.18) are verified, see the proof of Proposition 5.6, and so, in view of Proposition 4.2,
the set W¢ of the watershed associated to a good free point a € F' is included in the coupled
interlacements set 7. More precisely, property (i) implies the first condition in (4.18); prop-
erty (ii) will imply a lower bound on ey v (@), and thus that the third assumption in (4.18)
is satisfied for u of the same order as u, see (5.19); and property (iii) implies that the sec-
ond condition in (4.18) is satisfied. Property (iv) ensures the creation of many new free points
with bounded conductances to their parent, which will imply—using Lemma 5.4 below—that
the tree of good free points contains a d-ary tree for arbitrarily large d, see Proposition 5.5.
Finally, using (5.25), property (v) will provide us with a good bound on the probability that
W¢ C A,. Combining these five properties we will thus obtain percolation of the free points
a € F such that W* C A, N 7", and thus percolation of A, NZ", see Proposition 5.7.

One of the main difficulties in the previous steps is to understand how property (ii) in our
notion of goodness is used to bound the equilibrium measure e @,V (@) from below, which
implies that we can find & and u of the same order verifying the third assumption (4.18),
and, consequently, that there is a random interlacements trajectory starting in @ when a is
good. When a1 is not visited by X¢, which is the case when a is good by property (iii), then
(ET) =al, so no new watershed is generated starting from al in view of (4.10), and thus
al € TW. Therefore, by the construction of the tree TW above (4.15), we obtain that if a
is good, then T4 is the tree below al in 7W. The bound on the Green function on 74!
combined with (5.1) in property (ii) will then imply the desired lower bound on ea). Y (@),
see (5.22) for details. In other words, the reason we excluded al from the tree of free points
in (4.10) is to make sure that 79! is the tree below al in 7", and thus that we can use
the independent tree 79! to bound e @, (@) without using any information on the other

watersheds in 7.
We now provide lower bounds on the probabilities of the previous properties in the follow-
ing lemma. Note that in items (ii) to (v) below we do not consider exactly the same kind of
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events as in Definition 5.1; they do, however, present the advantage of having more indepen-
dence and we will show in Lemma 5.3 (see, for instance (5.9)) that the probabilities of the
events from Definition 5.1 are larger than those of the events from Lemma 5.2. Recall that
(T'y)xex are Poisson random variables with parameter i under of Pg, see (4.16), that (A;);>0
under v represents the law of the weights below any vertex, and that Q’;’L denotes the law of
the watershed introduced in Section 4.1, see (4.4). Recall also the definition of the (interior)
boundary dA of a set A C X from the paragraph below (2.1), and to simplify notation for
B C A we will write A \ B for (dA) N B€.

LEMMA 5.2. There exist positive constants c;,Cx, Cg,cy,cy € (0,00) such that for
each € € (0,1) and B > 0, there exists Lo = Lo(B, €) € N such that for all x € X \ {J},
L > Lo,k < Cp and i > 0, the following properties hold true:

(i) PL(Cy = 1) =1 — exp(—id),
(i) VT ((A)ien) =2, A1 > ¢, Ao > ca, Ay < Cp) = 3(1— n(1)),
and PSV (g1 (x1,x1) < Cg) > 1,

Axox ~
(i) E™lsere g Pt (Vi2 = Ho = 00)lx € T, ((hxxidien) = 21 = ey,

(iv) QUL(I{y € 3Ty, \ {x1,Xy, }: Xy - <Ca}l <cfL, VL (X) = 00) <k,
3 ~
(v) Q§’L(Li% Y yew(y)? = B, Vi (X) = 00) <e.

PROOF.

(i) This is immediate from the definition in (4.16).

(i1) First note that v(r ((Ai)ieN) > 2) = 1 — (1) by definition (2.4) of i in combination
with our assumption (SA) in Section 2.2. Moreover, 7T is PCSW_as. transient due to Proposi-
tion 2.1. Therefore, the Green function g“'T(x 1, x1) associated to the tree 7 rooted at x1 is
PSW._a.s. finite, and its law does not depend on the choice of x. Since probability measures
are continuous from below, by definition of the conductances in (1.2) and above, one can
find a small enough positive constant c;, as well as large enough finite constants C and Cg,
independent of x, such that (ii) holds uniformly in x € X.

(iii) Note that for each y € 7"\ {@}, since the subtree 7~ is a.s. transient, for almost all re-
alizations of 7, the probability P)T(Hy— = 00) is strictly positive. Therefore, using the strong
Markov property at time V;_p—which is finite and larger than H,, with positive probability
under P;gl, see its definition in (4.2)—and using the previous with y = Xy, ,, it follows
from the definition of V;_» in (4.3) that the variable appearing in the PV -expectation of
(iii) is a.s. positive, and we can conclude.

(iv) We will use twice the weak law of large numbers for the i.i.d. sequence of weights

(Xl(k)),-eN, k > 2, from (4.1). For this purpose, from the proof of (ii) we recall that
v(m((Ai)ien) > 2) =1 — u(l) > 0. As a consequence, the sequence of random variables

Hk e{2,...,L}: n((kgk))ieN) > 2}|/L, L € N, converges to 1 — (1) in probability as
L — oo by (4.1). Fixing ¢y € (0, (1 — u(1))/2), we obtain for L large enough that

(5.4) Q“L(lfke2....L—1}:7((A\"), ) = 2}| <2Lej) < %
Similarly, fixing C large enough so that

U(Z)\i SCA> >1—cy,

we have by (4.1) that for L large enough
(5.5) Q§’L<{ke{2,...,L—1}:Zk§k)§CA}

ieN

NS AR

<(1—cf)L> <
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Recalling the notation W from (4.5), and that Ay + =} ;- Ay, yi, see (1.2), our goal is now
to prove that, under Q§’L,

if {ye W\ {x}:%y 1 <Ca}[=(1—cp)L and

(5.6) ly e W\ (x}:]Gy | = 2}| = 2Lc;, then
Hy € aTVL \ {XLXVL}:)‘-y,y— = CAH ZCfL;

indeed, in view of (4.6), on the event \7L (X) = oo, which implies V (X) < H,-(X), we can
take advantage of (5.6) in order to use (5.4) and (5.5) to upper bound the probability of the
event appearing in (iv) of Lemma 5.2, and we can conclude.

T
To prove (5.6), let us define A :={y e W\ {x} : |G, L | > 2} the set of vertices in W \ {x}
T
with at least two children in Ty, . Observe that [0Ty, \ Gx L | > |A] + 1, which can easily

T
be proved recursively on W] starting at |[W| = 2. In addition, for each y € Ty, \ G L
we have y~ € W\ {x} and A, ,- <A,- ., and so A, ,- > C, for at most csL different

T
yedTy, \ Gy "L on the first event of the first line of (5.6). Therefore, since the second event
in the first line of (5.6) implies |A| > 2Lcy, we have at least cyL + 1 many vertices y €

T
0Ty, \ G« 'L with Ay - < Cq, which finishes the proof of (5.6).
(v) Here we can use the Marcinkiewicz—Zygmund law of large numbers, which states

that, if (Yx)ren is a sequence of i.i.d. random variables with E[|Y1]"] < oo for some 0 < r <
1, then

1 " a.s.
PV kX_:} Yy — 0.

A proof of this classical result can be found in [20], Section 17.4, p.254. We can take
2

Y = (5 lgk))% and r = % since the expectation of ij under Q§’L is then equal to

EV[Y"; Ai], which is finite by our assumption (1.2) (see also (2.3)). By (4.6), this then en-
tails that L=3/2 2_yeW\(x} Yk converges a.s. to 0 as L — 00, and hence for all € € (0, 1) and
B > 0 there exists Lo = Lo(B, €) so that for all L > L,

(5.7) Qut (—3 3 <Z xﬁ")) > —) <e.
L2 j=1 \ieN 6

Our goal is now to prove that for L > Lo(B, €),

B 1 3

rE then—§ Z(Xy)% < B;

o 3
(5.8) if— Y ()2 <
L> yeW

L> yeW

indeed, in view of (4.6), on the event VL (X) = oo, we can use (5.8) and then (5.7) to upper
bound the probability of the event appearing in (v) of Lemma 5.3, so that we can conclude.
To prove (5.8), we use the bounds (ly)% < «/g((ly,Jr)% + (ky’yf)%) for all y € W, the bound
Ay - <A, forall y e W\ {x}, the inequality A, .- =« < Cj, the fact that {y~ : y €
W\ {x}} ¢ W, and take Lo (B, €) much larger than C /B*/3. 0

Let us now show that the bounds obtained in Lemma 5.2 can be combined to lower bound
the probability that a vertex a € F is good, see Definition 5.1. Recall that Pyﬁ is the prob-
ability measure underlying our tree of free points constructed in Section 4.2, see also below
(4.16).
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LEMMA 5.3. Let ¢, Cp, Cg and cy be as in Lemma 5.2. There exists ¢, > 0 such that
for all B > 0, there exists Lo(B) € N such that for alla € X, L > Lo(B) and u > 0, on the
event {Aga, < Cp} we have

Pglj(a is (L, B,cy, Ca, Cq, Cf)-g00d|)\ia,, acF)>cy(l— e_ﬁ).

PROOF. We will check the properties of Definition 5.1. In the first part of the proof, we
show that the event appearing in Lemma 5.2 (iii) implies that Definition 5.1 (iii) is fulfilled
with positive conditional probabilities under the appropriate conditions. More precisely, we
have for all a € F that

if A%, <Ca AL <Cpand A >
(5.9) AL,
00) > x a2,a21a
20AQ2CA+25, 1)

W ~ W  ~
then P (Hg-any=VL= Pl (Vi_2 = Hap = 0);

indeed, under the conditions from (5.9), noting that Xg = )LaF P by (4.11), and thus A4 <
2C A, we have that ’ ’

)‘2‘,62)‘%2,&21 - Ckkgz,am
ML o+ M ) ~ 2CAQCH +3E; )

TV (X, =a21) =

Therefore, (5.9) follows easily by using the Markov property at time 2, noting that, under
}:ﬁTW and on the event {X, =21}, in view of (4.2) and (4.3), we have VL_Q((X](+2)](20) =
Vi ((Xk)k>0). Furthermore, if a2 is never visited after time 2, then @1 and @~ are never vis-
ited by X. Moreover, note that the random variable on the right-hand side of the inequality of
the second line of (5.9) is independent of Tal, Iz, (X%ﬁi)ieN and )»5 a- Combining Propo-
sition 4.1, (4.7), Lemma 5.2 (iii) and (5.9), we thus have on the intersection of the events
A4z >ca) (RS <Ca}and {AF < Cyp), that

(5.100 PV i(Hg-a21y(X?) = V(X)) = 00|Ta (Al ai)iens T4 AL —iae F) > cy.

a a,a=’

In this second part of the proof, we aim at combining the estimates from Lemma 5.2 in
order to infer the general lower bound ¢, (1 — e~) on the probability for a to be good.
Obtaining a lower bound on the intersection of the events (i), (ii) and (iii) in Definition 5.1 is
easy by independence, Lemma 5.2 and (5.10). More care is required for the other properties
though.

It is not difficult to combine Lemma 5.2 (iv) and (v), since the complements of the events
there happen with high probability, as we now explain. On the event {Ai 4 = Ca}, using

the estimates from Lemma 5.2 (iv), (v) for € = %%’*(1)), and writing them in the form of

Definition 5.1—see (4.7), (4.9), (4.11) and the definition of the tree of free points from (4.10)
and below—we thus have for all L > Ly(B), with Lo(B) = Lo(B, €) from Lemma 5.2 for
this choice of € that

\{a/eGaF:,\ja,SCA}|chL,L—% Z(x‘;)%<3} , ~
Py, yewe Fa, T AL aeF
(511) H{E’ﬁl}(xa) — VL(X”) - 00
- 2evd - M(l))‘
-3 2
Here, we used that both, the event Hy- 51;(X?) = V(X% = 0o and the events in Defi-
nition 5.1 (iv) and (v), are (T%, A, X%)-measurable, and thus independent of I'; and Tal,
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?E(i(t)l)lat {(G:ac€ GF} = BTV (Xa) \ {al, X‘{,L(Xa)} when Hig- 51,(X) = oo in view of (4.9),
Now we can further combine (5.10) w1th the equation in the first line of (ii) of Lemma 5.2

(recall that the number of children |GA'| of @ in T{ is equal to w((A% 5 4i)ieN)). One can

combine this with (5.11) thanks to the dependence of the bound (5.11) on cy (1 — u(1))/2,
noting also that the event in the first line of Definition 5.1 (ii) is independent of I'; and 7',
to obtain that on the event {kfa, < Ca}, forall L > Ly(B) we have

fa' e G2l y<Ca)zerL, 173 Y (A9 <B,
Y, = 0. T,
(5.12) H{ﬁ*ﬁl}(xa) — VL (Xa) - 00
Jlevd— M(l)).
-3 2
Finally, for the good events in (i) and the second line of (ii) in Definition 5.1, conditionally
ona € F and )»5 4> the random variables I'; and 74! have respective laws ]P’g(Fa € -) and

PSW@1-7T € ), (see, respectively, below (4.16) and (4.14)), and are independent. Therefore,
the two estimates provided by Lemma 5.2 (i) and the second line of (ii), yield that for all
u > 0 one has

aeF

T‘]’ a a
a'l =205 > Ag , <Ca

—

(5.13) PY.(ra>1,¢"" @l,al < CelAl - a € F) = = (1 — exp(—)).

Combining (5.12) and (5.13), we can readily conclude by taking ¢, = cy (1 — u(1))/12. U

[\)

We now want to show that the set of good free points introduced in Definition 5.1 per-
colates with the help of Lemma 5.3. This set can be interpreted as a random subset in X,
endowed with the o -algebra introduced at the end of Section 2.1. Recall the definition G4 of
the number of children of x in A C X from (2.2). In the following technical lemma, we say
that a tree is d-ary if it contains & and every vertex has exactly d children. While it seems
like a standard result, we were not able to locate it in the literature and therefore provide a
proof here.

LEMMA 5.4. There exists a function d : [0, 00) — Ng such that d(t) — oo as t — o0
and the following holds. Under some probability measure P, let S C X be a random set
containing @ almost surely, such that for some N € Nand p € [0, 1], forall x e X

(5.14) P(|G5| > N|Fy)=p onthe event (x € S};

here, Fx = o (1{yesy, y € X\ (x - (X' \{D}))) is the o-algebra generated by the restriction
of S to vertices which are not descendants of x. Then, S contains with positive probability,
depending only on p and N, a d(Np)-ary tree.

PROOF. In this proof, we say that a random subset of X is a weightless Galton—Watson
tree with offspring distribution pdy + (1 — p)do if, after possible reordering of the labels,
this set has the same law as the tree 7 seen as a subset of X (i.e., removing the weights),
introduced in Section 2.1 when the offspring distribution p from (2.4) is pdy + (1 — p)do.
Note that since we discard the weights here, the law of this tree is entirely determined by its
offspring distribution.

Let us first show that we can couple S and a weightless Galton—Watson tree with offspring
distribution pdy + (1 — p)do, such that § is included in this tree. For this purpose, fix a
sequence xg, X1, ... exhausting X and such that {xo, ..., xx—1} C (xx - X)€ for each k € Np.
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The result will follow once we have that, under some probability measure P, there exist an
L.i.d. family of Bernoulli random variables {xk, k € No with parameter p, and random sets
Sk, k € Ny, with the following properties: Sk is an increasing sequence of sets, each with the
same law as Sy :={x € § : x ~ x; for some i < k} under P, and if ¢, =1 and x; € Sk, then

|G | > N (in order to facilitate reading, the construction of these random variables will take
place in the last paragraph of the proof). Indeed, defining S as the union of S, k € No, one
obtains that S has the same law as S under P. Furthermore, the tree T obtained recursively
by keeping exactly N children in S of x € § each time ¢x =1, and keeping zero children
otherwise, is then a Galton—Watson tree with offspring distribution pdy + (1 — p)dp, which
is contained in S.

In order to conclude, we still need to show that for each d € Ny, there exists t = t(g) €
(0, 0co) such that foreach p € [0, 1] and N € N with pN > ¢, a weightless Galton—Watson tree
with offspring distribution pSy + (1 — p)§p contains with positive probability a d -ary tree,
and then take d(s) := sup{c? eNg:t(d) < s} for all s > 0, with the convention sup & = 0.
This can be easily proven by noting that, if G is the function from [23], Theorem 5.29, then
G7(0) >0and G3(1 — p/2) <1 —p/2if pN >t for some ¢ large enough. We leave the
details to the reader.

It therefore remains to construct construct the sequences §k and ¢y, k € No. We have
xo = &, and (5.14) applied to x = & implies that one can indeed define a Bernoulli random
variable {z with parameter p and §0 such that §0 has the same law as {x € S : x ~ T},

and {z = 1 implies |G};S| > N. Assume now that ¢y,, i <k — 1 and Sk_1 are constructed.
Let S; be the uIliOIl of Sx_1 and _some children of x;, constructed so that, conditionall~y on
(&x;)i<k—1 and Si_1, the law of Sy is the same as law of S; conditionally on S;_; = Si—1.

Then (5.14) implies that, conditionally on (¢y;);<x—1 and §k_1, 1{|G§,’j| > N} stochastically
dominates a Bernoulli random Vanable with parameter p on the event {x; € §k 1}. Hence,
up to extending the probability space P, we can define a Bernoulli random variable ¢y, with
parameter p, independent of ¢,,,i <k — 1, and Sk 1, and such that if ¢,, =1 and x4 € Sk 1

then |G | > N. This concludes the induction, and the proof that S contains a.s. a weightless
Galton—Watson tree with offspring distribution péy + (1 — p)ép. U

We now prove that with positive probability, the tree of (L, B, ¢y, Cp, Cg, cr)-good free
points contains a d-ary tree for suitable choices of the parameters. To do so, observe that
on the one hand, the probability for a free point to be good is bounded from below due to
Lemma 5.3. On the other hand, property (iv) of Definition 5.1 will let us tune the parameter L
in such a way that a good free point has many children. We will then be able to use Lemma 5.4
in order to conclude.

PROPOSITION 5.5. Let c;, Cp, Cq and cy be as in Lemma 5.2, ¢, as in Lemma 5.3,
and the function d as in Lemma 5.4. For all B > 0, there exists Lo(B) € N such that for all
L > Lo(B) and u > 0, the set

(5.15) FE:={@}U{ae F\{@}a is(L,B,c, Ca,Cq, cy)-good and kia_ <Ca}

contains with positive PXY;[ probability a d(Lq (i))-ary tree, where q () = cycp(1 — e_ﬁ).

PROOF. Let B > 0.Fix cy, Ca, Cg, cr,and Lo(B) as in Lemma 5.3, and fix L > Lo(B)
and # > 0. Throughout the proof we write “good” instead of “(L, B, ¢;, Ca, Cg, ¢ r)-good”
to simplify notation, keeping the implicit dependence on the parameters in mind. Let us first
extend the definition of the weights A¥ from {{a,a"}:a € F\ {@}}to {{a,a"}:a € X\ {2}}
by letting kia_ =0ifa e X'\ F. For each a € X'\ F, we also fix arbitrarily some @ € X,
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so that @ # a' for all a #a’ € X. This way, we can also define (T%, A%, X%), a € X \ F,
F

AL
as a family of independent watersheds with law Q,;“ “ , see (4.7). Note that for a ¢ F we
never actually use the additional watershed (T¢, A%, X) nor the notation @, they are however
necessary to define the following o -algebra:

W= ([a, X% 05 y)syeres (K2 perm) foralla e X,

where )ﬁj are the weights of the tree T @l which was defined in (4.14); also recall that X9,
A% and A%! are random variables whose canonical o -algebras on their respective state spaces

have been defined at the end of Section 2.1. By construction, (T% ,1% , X% ), 7;“1) r

weight AF = XZA_, see (4.11), as well as the event {a € F} = {)»5_ , > 0} are wae -
measurable Therefore in view of Definition 5.1 ’

(5.16) lae F8}eW* forallae X,

where we recall F& from (5.15), and with the convention W¥9 := o ({@}) is the trivial o-

algebra. By (4.7), a Watershed depends on the previous watersheds only through the weights
A va that is, W9 and W<, ' ¢ a - X, are independent conditionally on AF for all a €
F \ {@}. Therefore, defining for each a € X the o-algebra

(5.17) FS=oW9 d' ¢a-(X\{2)=cW",d ¢a-X),
we have that forall a € F,
(5.18) P) . (ais good| F§) =P} ;(a is good|2] ,.a € F),

oo = = 0. Note that, in view of (5.16), the o -algebra F¥ contains the o-

algebra F, from Lemma 5.4 when S = FS. By property (iv) of Definition 5.1, we moreover
have |G53| =\{a e Gg : Aia, < Cp}l = cygL if a € F is good. Thus since {Aja_ <Cp}C

{a € F8} € F§ by (5.16) and (5.17), we have that on the event {a € F$},
PV (IGE*| = ¢/ LIFE) = PV (ais good| FE) = ¢, (1 — ),

where we used Lemma 5.3 and (5.18) in the last inequality. Using (5.17) and Lemma 5.4 for
S = F&, we can conclude. [

with the convention A X

With the help of Proposition 4.2, we now show that for a suitable choice of the parameters
u,u > 0, under PL 7 foreach (L, B, ¢, Cp, Cg, cf)-good free point a € F, one can include
the watershed W in the random interlacements set Z* from Proposition 4.2. For this purpose,
we need to verify that all the assumptions of (4.18) are verified for good free points.

PROPOSITION 5.6. Letu, B,cy,cp,Cg,cy >0, LeN,a e F and
Ch

(5.19) U=uc,, wherec,:= m.

Then, under the extension of the probability space PK = from Proposition 4.2,
(5.20) W¢ CZ" forall (L, B,c;,cp, Cg,cy)-good vertices a € F.

PROOF. Fix some (L, B, ¢, cp, Cq, cr)-good vertex a € F. First note that by properties
(1) and (ii1) of Definition 5.1, the first and second condition in (4.18) are satisfied, and thus
by Proposition 4.2,

(5.21) W¢ c " once we show u > L}\
e{a},%w (a)
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To bound the parameter e @y (@) from below we will use property (ii) of Definition 5.1. We
use the analogy to electrical circuits, and note that by Rayleigh’s monotonicity principle [23],
(2.5) and Sections 2.3 and 2.4, we have that gTaW (@,a) < gTﬁVX (a,a), where 7'3“1’ denotes
the subtree of 7'aw consisting only of @ and ’7??’ Moreover, using a series transformation
[23], Section 2.3.1, equations (5.1) and (5.2) imply that gTﬁVX (@ a)<Cq+ L since, on the

a o
event H;1(X%) = oo which is implied by property (iii) of Definition 5.1, 79! is the subtree
’Ta‘iv of TW below @l as explained in the second paragraph below Definition 5.1. Thus, the

equilibrium measure at @ for Taw is bounded from below by

1 C),
(5.22) e —w(@) = > _
@-Ta ¢ @a)  oCg+1

I Ce.
We can conclude by combining (5.19), (5.21) and (5.22). [

If g (@)L is large enough, combining Propositions 5.5 and 5.6 provides us with an infinite
tree of good free points a satisfying W* C Z". Taking advantage of property (v) from Def-
inition 5.1, we are now ready to prove percolation for the set on the left-hand side of (1.8).
For each p € (0, 1), under some probability IP’];, let (€x)xex be an independent family of
exponential random variables with parameter one, and (5).cx the independent family of
Bernoulli random variables defined above (1.5). Recall that ¢ is a Gaussian free field on T
under }P’(T}, see Section 2.3, that Z" is a random interlacements set on 7 under ]P’}}I, see Sec-
tion 2.4, that 7 is a Galton—Watson tree under PV, see Section 2.1, and let B p beasin (1.5)
and A, asin (1.9).

PROPOSITION 5.7. There exists ug > 0 such that for each u € (0, ugl, there exists p €
(0, 1) so that the set A, N B, N 1" contains EGW[IP’I}I ® Pgr ® }P’];;(-)]-a.s. an unbounded
cluster.

PROOF. Under EXY,;[]P’S{W ® IP’];:,C)], for some L € N and & > 0, consider the event
(5.23) AV = {xeTV: & >4l or |pr| > 2V2ul N {x e TV: By =1},

For a € F, we now evaluate the probability, conditioned on the value of ¢;-, that W* C AXV
(recall (4.17)). For £ and B, simple estimates for exponential and Bernoulli variables will
be sufficient, while for the Gaussian free field we take advantage of the Markov property
(2.11) applied to the set U, := 7§W. For each y € U, one can decompose the field as ¢y =

Yyt + ,3)(,] “; here, wyU “ is a centered Gaussian field, independent of ,3;1 “ and ¢;-, and with
variance ggaw (v, y), which by (2.10) satisfies

W 1
gZa (y,y)ZW for all y € U,.
y

Thus, for all y € U, we have—using the symmetry and unimodality of the distribution of
wyU “ to obtain the first inequality—that

PSw (I¢y] < 2v2ul¢g-) =POw (vl + Y| < 2v2ulds-)
- 4/2u

[2 /3 W

5.24
29 <BS,, (|| < 2v/a)
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Therefore, foralla € F,
PGy @ PE(W* C AV |g5-)

62 1] pg(zgy:1)<1—1@§rw®@§< U {ieyl =2v2u}n &y E4W}V}|¢ﬁ)>

yeWd yeWd
> ph(1= X PSulion] <2v2uls )5, <4ul))
(5.25) yews
524 4. /2urW
(z)pL<1— > = (1—6_4“-‘V'V)>
yeWwd« 27

16 3 3
L 3 w
> ph(1- et T 00),
VT
taking advantage of the inequality 1 — e~ < x for x > 0 in order to obtain the last inequality.
We now fix the parameters and start with choosing ¢y, Ca, Cg,cr,cp > 0 as well as

Lo(B), with B to be fixed later on, as the parameters from Proposition 5.5, and ¢, as the
parameter from (5.19). Finally, for # > 0 define

2
i) :=uc,.  L(u,B) ::[ )3—‘\/L0(B) and

Ce (ﬁ

(5.26) 3(1 — e—uce) \32B

1
plu, B) =27 T,

Using the bound 1 — e™ > x/2 for x > 0 small enough, we can now find ug = ug(c., B) >0
such that

JT
32B

Then for all u € (0, ugp), under Plv}/(u,B),ﬁ(u)’ for each (L(u, B), B, cy, Cx, Cg, cy)-good ver-
tex a € F, we can continue the chain of inequalities in (5.25) to obtain

2
(5.27) L(u,B)51< )3 for all u € (0, ug].

u

(5.25) 16 3 3
Plw ® Py sy (W C AN Ida-) = plu, B)L(”’B)(l — —=u? (*y)z)
T yeWd
(5.3) 16 3
(5.28) > p(u, B)L("~B>(1 - ﬁB(uL(u, B))Z)

520,521 1 1
> — = = —,
- 2 2 4
With our choice of parameters, see in particular (5.26), we can use Proposition 5.5 to show
that the set F¢ from (5.15) contains with positive probability a d(cy B~/3)-ary tree that we
denote by F&°, where d(cqy B~2/3) will be large (cf. (5.31)), and ¢4 := CeCpC (ﬁ/32)2/3/3.
Conditionally on the realization of the Galton—Watson tree 7", and on the event that F&9
exists, we write

F¢l .= (@)U la e FSO\ {2} : W* c AV} and
Fil.= o (Lo~ cawys d e (F\ F,)U{a})

for all a € F, where F,, the subtree below a, was defined in the paragraph below (2.2),
and where we use the convention W9 = @. Taking advantage of the Markov property, see

(5.29)
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(2.11) and below, under ]P’gw and conditionally on ¢;-, the field ¢wa is independent of ¢
and ¢|W<a/>’ forall a’ € (F \ F,) U{a}. Thus, for all u € (0, up) and a € X, on the event that

F80 exists and a € F&' (which implies in particular that a is good), we have that

1 _

]P’grw ®Pg(u,3)(|G5g | > d(caB™*)|FE ¢0)

(5.30)
528 1

=Plw @ P p (W C A Ida-) = 1

Therefore, conditionally on the realization of the Galton—Watson tree 7" and on the event
that F89 exists, by Lemma 5.4, the set F$! contains with positive }P’TW ® PP o, ) (1¢2)-

probability (not depending on ¢g) a d(d(cqB~2/3)/4)-ary tree. Moreover, since
(5.31) d(d(cgB™*?)/4) = 00 as B — 0,

taking B small enough we get that, under EZV(M’BW(M)[]P’?W p(u ) (1¢2)], the set Fé&!
contains an infinite subtree with positive probability that we denote by §, and which does not
depend on ¢g.

Write p(u) = p(u, B) and L(u) = L(u, B) for this choice of B. For each a € F&l we
have W¢ c AW N T* by (5.15), (5.20) and (5.29). Since @ € W* and @~ € W by con-
struction, and so W? and W% are adjacent in TV (i.e., min W™ yews drw(x,y)=1) the
infinite connected tree in F8! yields an infinite connected subset |, et W¥ in 7V which
is included in A)¥ NZ*. Since (TV, A}, %) under E}\ ) 7, [PSw ® P ()] has the same
law as (7, Ay N Bp(), T*) under ESV[PH @ PE @ PE ()] by (1.9), (4.15) and (5.23), we
proved that the root is included in an unbounded connected component of A, N B, NZ" with
positive probability.

In order to conclude, we still need to prove that percolation occurs almost surely. The
strategy will be to construct a Galton—Watson tree 7 Z such that there are conditionally inde-
pendent copies of the tree F&! from (5.29) whose associated watersheds can all be embedded
into 7Z. Since each of these copies of F&! is infinite with probability at least &, at least one
of them will be infinite a.s., and we can conclude. We now explain how to do this construction
in detail. Under some probability measure Plf, let (Zi)ren be an i.i.d. sequence of subtrees
in X, with the same law as the subtree

TVU U Tl

acF: Vi (X4)=Hz (X%)=00

of TW under PE/(M)’E(M), where TV is defined in (4.13) and 7 in (4.14). Since TV is con-
structed by the use of watersheds, in a slight abuse of language we will also call watersheds
the respective subsets of Z; corresponding to watersheds in 7", if no confusion is to arise

from this. Let us now define recursively a sequence of trees 7,%, k € N, with 87;2 #+ J,a.s. as
follows: first take ’le = Z1. Note that 0 Z| # O a.s. since either VL (X¥?) = 00, and then 3Z;
contains any point of 3(T< \T%L ( Xg)), which is a.s. nonempty; or otherwise if \7L (X9) < o0
then &1 € 3Z, (which does not always corresponds to & 1) since we did not add the tree 721
in the definition of Z; and oledTVW by (4.10).

To define 722 recursively, assume that 722_ | is defined with 87;2_ | # @. Let x; be the first
vertex in 877(2_ 1 (in lexicographic order in Ulam—Harris notation). We then define 77€Z as the
union of ’77<Z_1 and x; - Z;, which also verifies 87;2 #+ .

Let 7 be the union of 77(2 , k e N, and 77 be the union of 7% and some additional
independent Galton—-Watson trees below each x € 372, each with the same law as x - T
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under POV . Then, by construction, 7% has the same law as the usual Galton—Watson tree

7 under PSV. Define F,fo and W¢, a € F,fo, similarly as above (5.29) and in (4.17), but
corresponding to Z, which are i.i.d. copies of F&° and W%, a € F$°, in k € N. Moreover,
under PMZ = Ef [IP’G ® IP’E(M)( )] define AZ 51m11ar1y as in (5.23), but w1th TV replaced by
TZ, and for each k € N, take Fk ={ac Fk xp - WE C AZ}, similarly as in (5.29). Then
by Markov’s property for the Gaussian free ﬁeld, conditionally on ¢y, , F, ,f lis independent of
Figl, i < k, and thus for each u € (0, ug) we have

(5.32) PZ(|F8' | = ool F8' i <k) = EZ[PZ(|Ff'| = oolgh )| FE' i < k] = 5

here, the last inequality follows from the fact that, for each a € R, the law of F,f ! condi-
tionally on d)xk = a under PZ is the same as the law of F&! conditionally on ¢ = a under
Eﬁu) M(u)[]P’ w® ]P’p(u)( -)], and § is the constant introduced below (5.30). Using the tower
property recursively on k € N, one can easily show that (5.32) implies that there exists PMZ

a.s. ko € N such that |F,f01| = 0o. Note moreover that one can use Proposition 4.2 similarly
as in the proof of Proposition 5.6, to obtain an interlacements 7% on 7% with xy - Wi 1"
for each a € F,fo and k € N. To this effect, note in particular that (5.22) still holds on TZ
since for each k e Nand a € F, ,f 0, the subtree ’7;%51 of TZ below x; - @l is the copy 7?1 of
741 associated to Zx, translated by xi. Therefore, for each u € (0, ug), the set F; ,f;l is PMZ -a.s.

infinite and its associated watersheds W"O, ac F,f:) 1, are included in 7% N Af , and we can
conclude. [

In order to deduce Theorem 1.1 from Proposition 5.7, we are going to use the isomorphism
(2.21) between the Gaussian free field and random interlacements. We first show that condi-
tion (2.20)—which entails the validity of the isomorphism (2.21) by Proposition 2.5—holds
PSW_as. for the Galton—Watson tree 7.

PROPOSITION 5.8. PSW_almost surely we have that for all x € T,

P] (-|Hy- = 00)-almost surely, capr({X;,i eN}) =

PROOF. Letx € X and L € N. Under some probability Q we now define a tree T, with
weights denoted by x v,z Y, 2 € T, y ~ z, as some extension of the tree Ty, starting at x from
Section 4.1, by completing its remaining ends so that T is a Galton—-Watson tree conditioned
on x € T. More precisely, first define T \ T,, that is, the part of the tree T which is not

below x, with the same law as 7\ 7 under PSWV(.|x € T), endowed with the correspondmg

L
weights. Then, attach to x a copy of the tree Ty, with the same law as under Q x , as

defined in Section 4.1. With a slight abuse of notation, we see Ty, as a subset of T. Finally for
each remaining point y € dTy, , attach to y an independent copy of y - 7. Let X be a process

w1th the same law as (X v, Jken, under Qx ok , it follows easily from Proposition 4.1 that
(T, X) under QL has the same law as (7, (X;mVL)keNO) under EGW[PT( NxeTl.

Similarly as in the proof of Lemma 5.2 (iv), one can show that there exist positive constants
¢;. and c ¢ so that, for each € > 0, if L is large enough, then

Qf(!{y €dTy, :xy,y‘ >a| <crL, Vi(X) < H,- (X)) <e.

Indeed, this follows easily from (4.6) and a reasoning similar to the one in (5.4), (5.5) and
(5.6), replacing {Y;en A < Ca) by (3i e N:AN > ca).
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Since, conditionally on Ty,, gTY (y,y), y € 0Ty,, are ii.d. with the same law as
g7 (@, @), by the law of large number and the bound on the Green function from Lemma 5.2
(ii) we deduce that for L large enough

~ ~ = C ~ ~
Q,%(Hy €dTy, Xy~ 201,87 (1Y) <Cg }| < ZfL, Vi(X) < Hx<X)) <2e.

Note that the event {Xy, y= = s gT." (y,y) < C,} implies by a similar reasoning to the

above (5.22) that gTy_ O,y ) <Ce+ é Let W = {}~(0, e XVL}. Recalling the defini-
tion of the equilibrium measure from (2.12), we moreover have that eW,T(Z) =e . () =

(gTZ (z,z))"! for each z € BW\ {x}. Since y~ € dW for each y € Ty, by construction, we
deduce that for L large enough

~ ~ cf ~ ~
+tW)y<————L,Vi(X) < H-(X) ) <2e.
0 (caps (W) < 3o LS L Vi) < 1)) <2
Since W has the same law under 6%(-, \%3 ()~() < Hx—()Ni)) as the first L points visited by
X under IEGW[PXT(-, Vi (X) < Hy—(X))|x € T1], letting first L — oo and then € — 0, and
noting that {Vr (X) < H,-(X)} decreases to { H,- (X) = oo}, we readily obtain (5.8). [

We can now deduce Theorem 1.1 from Proposition 5.7 using the isomorphism from Propo-
sition 2.5 combined with Proposition 5.8.

PROOF OF THEOREM 1.1. Consider the probability space Q7 from Proposition 2.5.
Abbreviating &, := 5/51), we have £, , > A;ISX for all x € 7" by (2.19). In view of Proposi-
tion 5.8, we can apply the isomorphism (2.21), and we get Q7-a.s. forall x € 7" N A,

(1.9)
yx=—v2u+\/2€x,u+¢22—~/2u+\/2)»;15x+¢% > —A2u +2V2u = 2u.

This yields (1.8) by defining Ezvau = {x € T : yx = +/2u}. By Proposition 5.7, for all u €
(0, up) there is Q4-a.s. an unbounded component for A, NZ", and so also for the level set

E=Y24_ This readily implies /i, > 0 since E =2 has the same law as E=V2¢, [

REMARK 5.9. Rather surprisingly, our proof does not work anymore if one tries to re-
place the inclusion (1.8) by any of the simpler inclusions Z% N {x: & > 4ux,} C E=V2

or T N {x: |¢y| > 23/2u} C E=Y24_ In other words, we need to use both the local times
of random interlacements and the Gaussian free field ¢ in the isomorphism (2.21), and not
just one of the two. Indeed, in view of Proposition 5.5, one needs to take L at least equal
to C/u for some large constant C < oo in order for Fé to percolate. For instance for con-
stant conductances and small enough u, the probability that W C {x: & > 4ui,} is at least
1 — CuL, and the probability that W? C {x: |¢y| > 24/2u),} is of order 1 — C/uL in view
of (5.24), for some constant C < oco. These bounds are not interesting for the previous choice
of L = C/u. However combining them gives that the probability that W* C A, is of order
1 — Cu?/?L, see (5.25), which goes to one for the previous choice of L when u — 0.

PROOF OF THEOREM 1.2. The statement for random interlacements follows trivially
from Proposition 5.7 for u < ug by the inclusion 7" N A, N B, € 1" N B,,. Using the mono-
tonicity in u of interlacements we obtain the statement for all # > 0. The statement for the
Gaussian free field also follows from Propositions 5.7, 2.5 and 5.8 similarly as in the proof
of Theorem 1.1. [
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REMARK 5.10. An interesting open question is whether Theorem 1.2 is true in the whole
supercritical phase of the Gaussian free field, that is, for each & < h,, does there exist p €
(0, 1) such that E zhn B p percolates, or is transient even?

6. Transience of the level sets. In this section we prove Theorem 1.3, that is, that both,
the interlacements set and the level sets of the Gaussian free field above small positive levels,
are transient—even when intersected with a small Bernoulli noise. More precisely, we prove
that the random walk on the tree of very good watersheds is transient, see Proposition 6.3, and
use arguments similar to the proof of Theorem 1.1 to conclude. The notion of very goodness
we use here is a refinement of the one introduced in Definition 5.1, see (iv)’ below, and is
adapted in order to ensure that the random walk on the tree of very good watersheds can be
compared to a random walk on a Galton—Watson with a constant drift, see (6.4). We then
follow the strategy of the proof of [10], Theorem 1, in order to deduce transience. In addition
to the usual assumption (1.2), we assume throughout this section that, conditionally on the
nonweighted tree 7, the family (Ay y)y~ye7 is i.i.d. and has compact support. In terms of
the construction of the Galton—Watson tree in Section 2.1, this is equivalent to assuming that,
under v and conditionally on 7 ((A;) jen), the family ()»i)lf,-fﬂ((kj)ieN) is i.i.d., that the law

of A1 does not depend on 7 ((A ) jen), and that there exist 0 < ¢, < Cp < o0 such that v-a.s.
(6.1) G <ii<Cp foralll <i<m((Aj)jen).

We use the independence of the conductances when referring to [18] in the proof of
Lemma 6.1, and the assumption (6.1) in (6.4). Note that (2.3) and (6.1) imply that the mean
offspring distribution m is finite.

Let us now define a notion of goodness which is stronger than the one introduced in Defini-
tion 5.1: in this section, we say that a pointa € F is (L, B, Cg, cf, cp)-very good if it verifies
the conditions (i) to (iii) with ¢, = ¢, and Cp = C, (which simplifies these conditions in
view of (6.1)), and (v) of Definition 5.1, as well as

(iv)’ the set of children of the vertex a in the tree of free points F satisfies

(d' € GF: dyw(@ @)= crL)| = %

where we recall that drw denotes the graph distance within TW. Note that the inequal-
ity Ai o < Ca = Cy is trivially satisfied under (6.1) by taking Cy = C,, and thus (iv)’
is stronger than (iv) in Definition 5.1 (up to changing the constant ¢ 7). We now follow a
strategy inspired by that of Section 5 in order to show that the tree of very good free points
contains a d-ary tree. We first evaluate the probability for a point to verify the property (iv)’,
analogously to Lemma 5.2 (iv). Recall the construction of the trees Ty, k € Ny, under the
probability measure Q%X from Section 4.1, as well as the stopping time V/,(X) and Vi(X)
from (4.2) and (4.3). In what follows we abbreviate V; = V. (X) to simplify notation.

LEMMA 6.1. Let ¢y be as in Lemma 5.2. There exists cg, > 0 such that for all € > 0,
there exists Lo = Lo(€) € N such that for all x € X, L > Lo and k < C ,

QU (|{y €Ty, \ (x1, Xy, } : dry, (x,y) > c L} <crL/2, Vi(X) =o0) <e.

PROOF. It is known, see [23], Theorem 17.13, that the speed of a random walk on a
Galton—Watson tree 7 with unit conductances is PSW-a.s. strictly positive and determin-
istic; that is, the limit v := limg_, oo w > 0 exists and is a constant. This result was
generalized in [18] to Galton—Watson trees with finite mean for the offspring distribution

and i.i.d. conductances verifying (1.2). In view of Proposition 4.1, the process X under
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Q§’L(‘, V. (X) = 00) has the same law as a random walk X on 7 under PXT(‘, Vi(X) =
00|Ay x— = k). Therefore, for all € > 0 we can find a ko = ko(¢) such that for all k > ko,
LeN, xe X andk <Cp, we have

(6.2) Q" (3 = k:dry (X, x) < vk/2, VL (X) = 00) <€/3.

In order to find enough vertices in §, at distance at least c; from x, we note that |T;| <
T T . .. .
TV = Yrex,...xy) (¥} U Gx |, and that {G; "™ : x € {X1,..., Xy,}} is an i.i.d. family

of cardinality k if Vi, =00, k<L, similarly as in (4.6). Since m < oo, by the weak law of
large number we can find Cp > 0 such that for all € > 0, there exists kg € N such that for all
k>ky,L>k,xeXandk >0

(6.3) QYL(ITy| = Cpk, VL.(X) = 00) < €/3.

Applying (6.2) and (6.3) with k = ZCC—’CPL, for L large enough so that k > ko, we obtain that
with probability at most 2¢/3, on the event V1.(X) = o0, there are more than ¢ L /2 points in

Ty, at distance less than c¢; L from x, where ¢/ := %. We can then conclude by combining
this with Lemma 5.2 (iv) for ¢ /3. 0O

Recall the definition of AXV in (5.23). We can now prove analogously to the proof of Propo-
sition 5.7 that (L, B, Cg, cf, cp)-very good points, whose associated watershed is included
in Auw, contain a supercritical Galton—Watson tree.

PROPOSITION 6.2. Let ¢) =<, Cg and cy be as in Lemma 5.2, c, as in (5.19), and cp, as
in Lemma 6.1. For each d € N, there exist B > 0 and ug > 0, such that, for each u € (0, ugp),
there exist L € N and p € (0, 1), so that under ELW’J[]P’C,;W ® IP)E(-M)@)], with U = uc,, the tree

F8l' = {@yUlae F\{@}:a  is(L,B,Cg,cy,cr)-very good,

drw(@ a-)>cpL and W* € AW}

contains with positive probability, not depending on ¢z, a d-ary tree.

PROOF. Using Lemma 6.1 in place of Lemma 5.2 (iv), and adding the condition
dyw(@,a~) > c1 L in the definition (5.15)—which is possible in view of the condition (iv)’'—
one can easily prove similarly as below (5.30) that for each B > 0 there exists ug = uo(B),
such that for all u € (0, ug), there exists L = L(u, B) and p = p(u, B) as in (5.26), so that
F8! contains a d (d(cgB~2?) /4)-ary tree, and we can conclude in view of (5.31). [J

We prove now transience using the argument of [10], Theorem 1.

PROPOSITION 6.3. There exists B >0, u >0, L € N and p € (0, 1), such that under
EEV e [}P’gw & IF’ECl(])g)], the connected component of @ in the tree with vertex set

T = | W
acFsV

is transient with positive probability, not depending on ¢.

PROOF. Consider a random walk X on 7! starting in &. We proceed by contradiction,
and assume that 78! is recurrent, that is, the walk X comes back to the root almost surely.
We introduce the following color scheme: & is white, and a vertex aie F 81" is white if a is
white and ai is visited by X in the interval [Hz, inf{k > H; : X; = a—}]. We want to show
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that there is an infinite number of white vertices with positive probability; indeed, since then
there would in particular be an infinite connected component of white vertices, this would
constitute a contradiction as the watershed associated to each white vertex in the connected
component of & is visited by X in the interval [Hwe)c, inf{k > Hwo)c : Xx = }] by defi-
nition.

For a fixed vertex ai € F® I, we evaluate the probability, starting from @, to visit ai before
returning to a~. Because of recurrence, for the computation of this probability, we can restrict
ourselves to the only path connecting a- to ai_and we compute its effective conductance C
(see [23], (2.4)). Both the distances between a— and @, and the one between a and ai are at
least ¢y L by definition of F& I and at most L by definition of watersheds, see in particular
(4.2) and (4.9). Therefore, using the series law (see [23] Section 2.3.) we obtain that the
probability of a random walk starting from @, to visit ai before returning to a—, is equal to

~ - -1
C(a < ai) (er(ﬁai A — ) (6. 1) O cL
Cla <a)+C@a<wa) Cre@ar— )" 1+<er(am‘ )71 T Ca 2

(6.4)

where (x, y] denotes the unique path connecting x to y, minus x. For each d € N, it follows
from Proposition 6.2 that for an appropriate choice of B, u, L and p, the tree of white ver-
tices contains with positive probability a weightless Galton—Watson tree with mean offspring

distribution larger than d C);x L Taking d = (45& 1, this tree of white vertices is infinite with
positive probability, which concludes the proof. [

PROOF OF THEOREM 1.3. Similar to the proofs of Theorems 1.1 and 1.2 at the end of
Section 5, one can use the isomorphism (2.21), which holds by Proposition 5.8 similarly as
in the proof of Theorem 1.1, as well as Proposition 5.6 to show that the component of &
in the tree 74! from Proposition 6.3 can be included in Z% N B, or E=V2n B, proving
the transience of those sets with positive probability by Rayleigh’s monotonicity principle
(see [23], Section 2.4). To show that transience occurs almost surely for some component,
one can proceed similar to the end of the proof of Theorem 5.7 by considering the Galton—
Watson tree 7Z on which there are infinitely many conditionally independent copies of 7€ .
and thus one of these copies is transient a.s. [

APPENDIX: THE CRITICAL PARAMETER #, IS CONSTANT

In this section we prove that /i, (7) does not depend on the realization of the Galton—
Watson tree 7.

THEOREM A.l. T — hy(T) is constant POV -almost surely.

This result is known in the case of deterministic unit conductances [3]. We provide here a
proof for the generalized case of random conductances. It proof is based on the 0-1 law for
inherited properties of [23], Proposition 5.6, which we shortly recall here. For this purpose,
we start with the following definition.

DEFINITION A.2. A property P (of trees) is called inherited if the following holds true:
When a tree T with root x has property P, then all the subtrees T}, y € G){, also satisfy
property P.

Let us now recall the 0—1 law from [23], Proposition 5.6, whose proof can easily be adapted
in our context of Galton—Watson trees with random conductances verifying (SA).
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THEOREM A.3 ([Proposition 5.6 of [23]). If'P is an inherited property, then
PSW(T has P) € {0, 1}.

Let us now take advantage of the previous theorem in order to prove that %, is constant.
For this purpose, we define for each & € R the property P" by saying that a tree T rooted at
x satisfies P" if Ty is transient for all y € T and

PR(|EZ"| = 00) =0,
where for y € T we denote by Eyzh the connected component of y in {z € T : ¢, > h}. We

now need to prove that the property P" is inherited, which has been done in the setting of
unit conductances in [3], Lemma 5.1. For the reader’s convenience we now present a proof
in our setting inspired by [36].

LEMMA A.4. Foreach h € R, the property P" is inherited.

PROOF. Assume that T is a tree rooted at x verifying P”. For any y € T with y € Gf
we have
PP(ES"| = 00) = PR(|ES" N Ty | =00, 61 = h) = PR(|EF" N Ty | = 00)PF (6 = ),

where the second inequality is a consequence of the finite-dimensional FKG inequality for
Gaussian fields, see [25], and a classical limiting procedure. Since the second factor on the

right-hand side is nonzero, IP’(T"(|E xzh| = 00) = 0 implies for each y € G;

G h
PZ(|ES" NTy|=00) =0.
What is left to do is to show that the previous equation holds also for the Gaussian free
field on the subtree 7). By disintegration, we observe that for A-almost all b € R we have
PC(|EY" N Ty| = ool¢py =b) =0.

From the Markov property applied to the set K = {y}, it follows that the restriction of the
Gaussian free field under IP’?(-M)y = b) to Ty has the same law as the Gaussian free field

under IP’CT}y (-|¢y = b). Hence we obtain that for each y € G? and A-almost all b € R we have
P (|ES"| = oolgy = b) =0.

Integrating again we obtain IP’CT}y (|E y3h| = 00) =0, proving that P" is inherited. [

With the previous 0—1 law and the inherited property P”, we can prove Theorem A.1.

THEOREM A.1. Since the property P" is inherited by Lemma A 4, it follows from The-
orem A.3 that POV (7 has Py) € {0, 1} for each & € R. Moreover by Proposition 2.1 and
since 7y has the same law as x - 7 under PSV, see (SA), 7, is transient for all x € T
PSW_as. Hence for every s € Q, there exists an event Ay with PSW(A,) = 1 such that
T~ 1{P%(|E§‘|=oo):0} is constant on Ay. Thus on the event A := (;¢q As., all the func-

tions 1 (PS(IEZ [=00)=0)> S € Q, are constant. Now, since the function 4 +— ]P’g’.(| E§h| =00) is
decreasing, the function

T int P B3| = 00) =0} = inf [P§( 5| = o) =0}

inf
heR
is well defined and constant on A, and we can conclude by (1.4) and FKG inequality. [

Using an inherited property P* similar to before but for the vacant set V¥, one can also
prove in our setting the constancy of the critical parameter u, for random interlacements.
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